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PREFACE
This thesis describes a series of experiments carried out during 
the period March, 1964 to February, 1967 using the 12 MeV Tandem Van de 
Graaff Accelerator in the Department of Nuclear Physics at the Australian 
National University.
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The work described in Chapter 4 was performed jointly with Mr.G.J. 
McCallum, as was a large proportion of the experimental work and the 
analysis reported in Chapter 5. However, the measurements described in 
sections 5.2c(ii) (measurement II), 5.2c(vi) (b) and (c) and 5.4d(iii) 
were obtained by myself subsequent to Mr. McCallum’s departure in 
February, 1966. In addition, the final stages of analysis of the branch­
ing ratio measurements as well as the application of methods A and B in
the triple correlation analysis (section 5.4) and the comparison of the
25 ,results with both the A1 measurements and the collective model (sections
5.6 and 5.7) were my own work.
I wish to acknowledge my debt to Dr.D.E. Groce for his help and 
guidance during the early stages of the work described herein. It is also 
a pleasure to thank Mr.G.J. McCallum for his encouragement and advice 
throughout the past two years and for his helpful criticism of this thesis. 
I would like to express my gratitude to Professor E.W. Titterton for his 
guidance and support and to the Australian National University for the 
award of a scholarship. Thanks are also due to Mr. J.M. Morris for 
assistance with the n-p total cross section measurements (Chapter 3) and
to Dr.R.E. Shamu for suggesting this experiment. The assistance of Dr. 
B.V.N. Rao in some of the experimental measurements and analysis related 
to section 5.4d(iii) was appreciated. Thanks are also due to Mr.N.F. 
Bowkett and the technical staff for maintaining and operating the tandem 
accelerator. Finally, I would like to express my appreciation to my 
wife for typing this thesis.
The experimental work described in Chapters 2, 3 and 4 has been 
previously published
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Targets."
G.J. McCallum and B.D. Sowerby, Nucl. Instr., £7 (1967) 45
The experimental work described in Chapter 5 is about to be 
published
25"Properties of Some Mg Energy Levels."
G.J. McCallum and B.D. Sowerby, Physics Letters, (in press).
No part of this thesis has been submitted for a degree at any other 
university.
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CHAPTER 1
1,1 General Introduction
The experiments described in this thesis, although not directly- 
related to one another, all involve the detection of either neutrons or 
gamma rays using scintillation counters. Chapter 1 is designed to give 
a general background to the work described in subsequent chapters. In 
particular, a survey of the experimental techniques is given in section 
1,2 and a discussion of gamma-ray angular correlation theories is 
presented in section 1,3, with particular emphasis on the derivation of 
expressions which are used in the analysis of the double and triple 
correlation measurements described in Chapter 5,
Chapters 2 to 5 have been arranged in the order in which the 
experimental work was performed and each chapter is essentially self- 
contained, Chapter 2 contains an account of the measurement of the 
yields of the neutron groups populating the ground and first excited 
states of 12q in the reaction ^Be(a,n)l^C as a function of a-particle 
energy, A detailed description of the pulse-shape discrimination 
system which was used to eliminate the T-ray background is also 
included.
Chapter 3 describes the measurement of the n-p total cross 
section at neutron energies of approximately 20, 24 and 28 MeV in a 
good geometry transmission experiment using a pressurized gaseous 
scattering sample.
It is shown in Chapter 4 that when gas targets are employed in 
the study of nuclear reactions initiated by accelerator-produced 
particles, it is important to recognize the effects which nuclear
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lifetimes can produce on the T-ray angular distributions due to non- 
uniform emission of the Y rays of interest along the axis of the target 
chamber. Expressions to estimate these effects are presented and 
compared with experiment.
In Chapter 5 a description is given of a series of measurements
25on the Y rays from energy levels of " Mg with excitation less than 3.5
MeV. The measurement of the branching ratios of the 3rd to 8th excited
states using a proton-gamma coincidence technique is described in
section 5.2. A description of the measurement and analysis of the
angular correlations of the Y-ray decays of the 1.962, 2.736 and 3.399 
25MeV levels in Mg is presented in sections 5.3 and 5.4, using the
formulae derived in section 1.3. These angular correlation measurements
were undertaken in order to determine some previously unknown spins and
multipole mixing ratios in this nucleus. The experimental results have
25been compared with the corresponding results in the mirror nucleus ~ A1 
as well as with the predictions of the strong-coupling collective model.
1.2 Experimental Techniques
All the experiments described in this thesis were carried out 
using magnetically analysed charged-particle beams from the 12 MeV 
Tandem Van de Graaff Accelerator at the Australian National University. 
The energy stability and small energy spread of these beams was 
important in all the experiments reported herein.
The target chambers and actual target materials and backings 
will be discussed separately in each chapter. For all the experiments 
the target and collimator currents were monitored on Elcor Model A309
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Current Integrators. Except for the p-Y coincidence measurements in 
Chapter 5, a cylindrical brass ring located between the target and 
collimator(s) was held at -300 volts to suppress secondary electrons 
produced at the beam stop.
Organic scintillators (both liquid and plastic) were used for 
the detection of neutrons by measuring the light output which results 
from the recoil protons in the scintillator. A full discussion of the 
use of organic scintillators in the detection of fast neutrons has been 
given by Swartz and Owen (Sw60). Thallium-activated sodium iodide 
crystals, manufactured by Harshaw Chemical Company and mounted on 3,! 
diameter DuMont 6363 photomultiplier tubes, were used for Y-ray 
detection throughout the experiments described in this thesis. Several 
authors (e.g. Ev55, Mo58, Da65) have presented discussions relating to 
the modes of interaction of Y rays with matter and to the suitability of 
Nal(Tl) for Y-ray detection.
The output pulses from the scintillator-photomultiplier 
combinations used to detect neutrons and Y rays were amplified with 
Franklin double delay line preamplifier-amplifier systems. Cosmic 
Multiple Coincidence Units (manufactured by Cosmic Radiation Laboratories, 
Bellport, N.J.) were used for all nfast-slowu coincidence applications 
as well as for many applications in which single-channel analysers were 
required. The Mfast-slowtT coincidence system used records coincidences 
only when signals satisfy both the fast (short resolving time) and slow 
coincidence requirements (Ch6l). Pulse-height data from the detectors 
were collected on either RIDL (400 channel) or RCL (512 channel) analysers.
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1.3 Gamma-Ray Antiar Correlation Theories
1.3a Introduction
Hie study of angular correlations in nuclear reactions has 
played an important role in the determination of spins and parities of 
nuclear states as well as a number of associated nuclear parameters 
(e.g. multipole mixing ratios). This is a consequence of the intimate 
connection between the quantum mechanical concepts of spin and angular 
momentum and the rotational properties of wave functions.
The general theory of angular correlations has been extensively 
reviewed in a number of well-known papers (e.g. Bi53, De57, Go59, Bi60, 
Li61, Fe65). In the present section of this thesis, the expressions 
used in the angular correlation work reported in Chapter 5 are derived 
using the concepts of density and efficiency matrices and statistical 
and efficiency tensors, which were first introduced by Fano (Fa52) and 
Coester and Jauch (Co53). The general approach and notation of Ferguson 
(Fe65) has been adopted in the present work. Duplication of 
derivations given in the literature (particularly in De57, Li61 and 
Fe65) has been avoided as far as possible. As a result the present 
review may lack lucidity unless used in combination with these three 
references.
In Chapter 5 a description is given of the measurement of both 
double correlations (in which the angular distribution of a Y radiation 
is measured with respect to the beam direction) and triple correlations 
(in which the angular distribution of two cascade Y rays in coincidence 
is measured). A schematic energy level diagram to illustrate the quantum 
numbers used is shown in figure 1.1a. In the figure, x is the spin of
Figure 1,1 (a) Schematic energy level diagram to illustrate the
quantum numbers used, x is the spin of the target nucleus and y
is the spin of the compound state. The quantum numbers x, y, ,£
and belong to the details of formation of the state a and are
not directly involved in the analysis. The cross hatching on y
indicates that it need not have sharp spin and parity. L^, L| ,
L and L* are the multipolarities of the T rays involved such 2 2
that L* >  L and Lf >  L •1 1  2 2
(b) A schematic representation of the angles involved
in the triple correlation work
v \ \ \ W \ \ \ \
\ \ \ \
Particles .Gamma
Target 
at 0.
ABeam Direction
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the target nucleus and y is the spin of the compound state. The cross 
hatching on the state y indicates that it need not have sharp spin and 
parity. In the double correlation measurement we are only concerned 
with the transition a— >b in the final nucleus. The states connected 
by Y-ray transitions are considered to have sharp spin (denoted by a5 
b5 c as shown) and parity with magnetic substates being denoted by the 
corresponding Greek letters X respectively. The possibility of
perturbation of the angular correlation by atomic fields has been 
ignored. This is justified for nuclear states with lifetimes less than 
10“^  seconds (Fe65).
A nuclear level with spin a has (2a+l) magnetic substates 
a = -a5 -a+lj...........^ a. If the state is aligned the populations
of the magnetic substates (P(a)) satisfy the condition P(ot) = P(-a) 
but are not all equal. If P(a) £ P(-a) the state is said to be 
polarized, a condition which is not treated in the present work. The 
present method of formation of the state a by the capture of an unpolar­
ized particle along the z-axis followed by the emission of one or more 
unobserved radiations ' in cascade causes the state a to have axial 
symmetry about the beam axis and hence to be aligned.
l«3b General Theory
In this section a brief description will be given of the 
application of statistical and efficiency tensor formalism to angular 
correlation studies. General formulae will be presented which allow
* The term ttradiationlt is used to denote either particles or Y rays.
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derivation of the expressions for specific cases as described in 
sections 1.3c and 1.3d.
In the study of angular correlations we are concerned with an 
ensemble of nuclei which can be described by an incoherent sum of the 
contributions from individual nuclei and for which the total wave 
function is an impure state. As the limited information we have about 
this ensemble of nuclei is not sufficient to provide a complete 
quantum-mechanical description, an appropriate formalism is that of 
density matrices (Fa57).
Let A represent the set of quantum numbers which describe a 
system. Then an element of the density matrix for an ensemble 
described above is defined as (Fe65, De57):
(1.1)
average over the ensemble 
where the ^  represent the wavefunctions of the pure states making up
the ensemble and where <^A | V/* is the amplitude belonging to the 
eigenvalues A. The elements of the density matrix express the relative 
probability that a particular state is populated. An efficiency matrix 
£ is introduced (Co53) that gives a corresponding probability that 
this particular state is detected so that the probability that a 
particular state specified by the quantum numbers act, aTa T exists and 
is detected is:
<a |PI a»> = g|y> <y|A»>j
The notation used in this section conforms to that employed by 
Ferguson (Fe65).
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JE7<aa | £| aTa *,> < ^ a Ta T j
^  [Pe]aa'oäc = Tr
p aa>
(1.2)
As W is the trace (i.e. the sum of the diagonal elements) of the matrix 
p€ it possesses invariance with respect to change of representation.
The transformation of the matrices from an angular momentum representat­
ion to a coordinate representation can therefore be carried out without 
affecting ¥.
It is convenient to introduce two sets of irreducible tensors 
defined in terms of the density and efficiency matrices respectively 
where the matrices are constructed using the eigenfunctions | a ay> of 
an angular momentum a. These sets of tensors are:
(i) Statistical tensors
p ^  (aaT) = .2^ (~l)a,~ a T(aa , aT-a T| kK) a a J p j aTa T^ > (1.3)
(ii) Efficiency tensors
G, (aaT) = (~l)a Q (aa , a1-a T I kK) / a a  I £ / aTa (1.4)
kK oCoc' 1 1 x
where (a a , aT- a T | kK) is a Clebsch-Gordan vector coupling coefficient.
In addition, k = a-aT and K = a-aT so that k and K can take the values
k = I a-aT I j I a-aT J +1,...... (a+aT) and K = -k, -k+1,... , k.
One of the reasons for the introduction of these tensors is that under
a rotation of the coordinate axes, they transform according to:
^  k?:'
pTkKt (aaT) = „ D_ .  (&) p. „ (aaT) (1.5)KKT
where D" (&) is an element of the rotation matrix for the rotation KK *
which carries the coordinate axes from the old to the new positions. 
The properties of the rotation matrices are discussed in both De57 and 
Fe65. By converting the matrices p and €  in eq. 1.2 into the
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corresponding tensors, the correlation function W is found to be
-
W = 5v, P (aaT) £  (aaT) (1.6)
a^kK “
The statistical and efficiency tensors describing the final state
of the system are equal to the product of the tensors describing the
various parts making up the final system. For transitions from a state
a to a state b with the emission of Y rays of multipolarities L and L»,
the expectation value for detecting events simultaneously in the 
detectors of the emitted Y ray and residual nucleus is given by:
W = 2  Pk K 0>b») pk K (IL’K *  k (bb.)C* K (IX’) (1.7)
bb L I  bb L L
where the summation is over bb»IX»k K k K and where the range of values
b b L L
of the indices k - K, , and K is as described after eq. 1.4. b b L L
If no attempt is made to detect the residual nucleus, the final
state must have associated with it an efficiency matrix equal to the
unit matrix, reflecting the fact that every such nucleus participates in
the correlation. The corresponding efficiency tensor is given by:
€  (bb») =  b b  b b (1.8)
k K k 0 K 0 bb»
b b b b
where b = (2b+l)2 and 2> is the Kronecker delta function.
By application of the transformation equations 2.43 and 2.44 in 
Fe65 together with the Wigner-Eckart theorem (eq. 2.31 in Fe65), the 
tensors of the final state can be expressed as:
Pk K (bM) Pk K (U,,) = ^  PkK(aa,) V i , ’ kA  I kK> - V  b b L L aa»kK b L
r b L a
b'L’a’ (b  |l|/ a^ > < V  | L ’ | l a >>
k k k 
b L (1.9)
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where th e  Wigner 9 - j  c o e f f ic ie n t  i s  de fin ed  by
b L a
b»L»a»
k k k 
b L J
X  x^ W(bLkat ;ax) W(bTa fk L;L»x) W(bb’kk ;k x)
L L b
(1 .10a)
where the  Racah c o e f f ic ie n ts  WCbXJka1;a x ) , e t c . ,  a re  given by eq. 6 .4  in  
Fe65.
The dynamical change involved  in  the  em ission of a p a r t i c l e  o r
photon from an i n i t i a l  s t a t e  (d esc rib ed  in  term s of the  e ig e n s ta te s
I a a >  ) to  y ie ld  f in a l  s t a t e s  (d e sc rib ed  in  term s o f th e  p roduct
( * *  (b /iL X /*  ) can be re p re se n te d  by the  exp ression
<^ b p l X| = <^ b I L || a^> ( b ß ,  L X l a a )  / a  a I (1 .10b)
a a 1 1
This equation  can be regarded  as a d e f in i t io n  of th e  em ission reduced 
m a trix  elem ents ^ b  | L || a^> which a re  r e la te d  to  th e  ab so rp tio n  m a trix  
elem ents ^  b J| L J a^> by eq. 2 .35 o f Fe65. These reduced m a trix  elem ents 
a re  independent of th e  p o p u la tio n  o f th e  m agnetic s u b s ta te s  and a re  thus 
independent o f th e  way th e  s t a t e s  a and b a re  formed.
S u b s ti tu t io n  o f eq. 1 .9  in  eq . 1 .7  y ie ld s  th e  fo llow ing  c o r r e la t io n  
fu n c tio n
z PkK( “ ' > (bb»)
kbKb
(k K
b b ‘
k K kK)
L Li
€ k K(u 't ) < b  | L || a> < V  | L * J |  a ' / “ (1 .1 1 )
L L
where the  summation i s  over a a ^ b ’LL’kKk K k K .
b b L L
Equation 1 .11  i s  q u ite  g e n e ra l bu t in  i t s  p re se n t form i s  n o t
norm ally u s e f u l .  In v e s t ig a t io n  o f th e  form taken  by th e  v a rio u s  term s fo r  
a p a r t i c u la r  experim en tal s i tu a t io n  le ad s  to  u se fu l form ulae as w i l l
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LL» I I »1 1 . 2 2
be shown in section 1.3c.
The angular correlation for the cascade a b ■ c
follows in a straightforward manner from the above considerations:
p (cc*) p (L I *) P (II') €  (cc*)Kk K  rk K  1 1 k K 2 2  k K
c c 1 1 2 2 c c
£ ( n o  e (i i t)
k K  2 2  k K 1 1  2 2 11
(1.12)
with the summation over cc1! I ’I L Tk K k K k K . Then transforming1 1  2 2 c c l l 2 2
the statistical tensors from the states c to a as described by Ferguson 
(Fe65), we obtain the general angular correlation function for a cascade:
W = 2 1  p, ( a a T) £  ( c c 1) £  (L L T) ^  ( l  L f )HkK k K  k K 1 1 k K 2 21 1  2 2c c
b L-j^ a
(kfeKb, kjldkK) aa* < b* L* a'
kb kl k J
(k K , k JclkK ) k k c c* 2 1 b b c !
c L9 bA/V I 2
bbT < c1 L 1 b T
kc k2 kb
1
< b | t i ||a> <b*|l^||a*> *<c\t2\\b)>
<o*|l*)|b*>^ (1.13)
The summation in eq. 1.13 is over aaTbbTccTL_L_?L L TkKk K k K k K •1 1 2 2  c c 1 1 2 2
The straightforward extension of this procedure to a cascade 
with an arbitary number of transitions is one of the advantages of
the statistical and efficiency tensor approach to the problem. The 
efficiency tensors for the radiation £^(11*) depend on the positions
and s iz e s  o f  th e  r a d ia t io n  d e te c to r s  and can be d e sc r ib e d  in  a 
c o o rd in a te  r e p r e s e n ta t io n  by a p ro ced u re  o u t l in e d  by Ferguson  (F e6 5 ).
F o r c y l in d r i c a l  c o u n te r s ,  th e  e f f i c i e n c y  te n s o r s  can be e x p re sse d  as th e  
te n s o r s  f o r  " id e a l ” c o u n te rs  m o d ified  by a t te n u a t io n  f a c t o r s .
1 .3 c  Double A ngular C o r r e la t io n
We now p ro ceed  w ith  th e  s p e c ia l i z a t io n  o f  th e  g e n e ra l  e q u a tio n
( l . l l )  to  th e  ca se  in  w hich th e  s t a t e  a i s  a l ig n e d  and in  w hich th e
I X *a n g u la r  d i s t r i b u t i o n  o f  th e  cascad e  a — >  b (a s  shown in  f i g .  1 .1 a )  i s
o b served  u s in g  a r o t a t a b l e  c y l in d r i c a l  c o u n te r .
The term s in  eq . 1 .1 1  w i l l  now be c o n s id e re d  in  t u r n : -
( i )  p, ( a a * ) .  F o r th e  c a se  o f  a x i a l  symmetry, th e  r o t a t i o n a l  m a tr ix  
kK
elem ent f o r  an a r b i t r a r y  r o t a t i o n  f t  abou t th e  z -a x is  i s :
- 11-
Dk ($ , 0 , 0) = e lK^  &
KKT KKT
w hich on s u b s t i t u t i o n  in  eq . 1 .5  y ie ld s
t
p, (a a )
kK*
-iK 0  , .
e 6 p (.aa) 
KK* kK
(1 .1 4 a )
(1 .1 4 b )
A x ia l symmetry r e q u ir e s  p (a a )  *= p (a a )  f o r  any jS so c l e a r l y  K = 0 .
kK kK
From eq . 1 .3  i t  in m e d ia te ly  fo llo w s  t h a t  f o r  K *= 0 , a = a*.  Thus o n ly
th e  te n s o r  p a ra m e te rs  p (a a )  a re  n o n -z e ro . As th e  s t a t e  a i s  c o n s id e re d
kO
to  have d e f i n i t e  p a r i t y  and as no p o la r i z a t io n  i s  p r e s e n t  in  e i t h e r  th e  
in c id e n t  p a r t i c l e s  o r  th e  t a r g e t ,  th e n  o n ly  te n s o r  p a ra m e te rs  hav ing  even 
k w i l l  be n o n -z e ro . T his fo llo w s  as  a consequence o f  th e  in v a r ia n c e  o f 
th e  system  u n d er r e f l e c t i o n  in  a p la n e  norm al to  th e  beam.
The s t a t i s t i c a l  te n s o r s  f o r  an a l ig n e d  s t a t e  a can be ex p re ssed  
in  term s o f  th e  r e l a t i v e  p o p u la tio n s  o f  th e  m agnetic  s u b s ta te s  o f  th e
s t a t e  by th e  r e l a t i o n
- 12-
p (aa) = 2  (-l)a a P(a) (aa , a-a| kO) (1.15a)
a
so providing an alternative means of interpretation of the statistical 
tensors for an aligned state. The reverse transformation is also of 
interest:
(1.15b)P(a) = 2  (-l)a a p (aa) (aa, a-a I kO) 
k kD 1
(ii) £• , „ (bbT) is given by eq. 1.8 as no attempt is made to detect
kbKb
the residual nucleus. For a non-zero value of W this imposes the 
restrictions that b = b T, k^ = 0 and = 0.
(iii) The Wigner 9-j symbol, with the above conditions applied, can be 
expressed in terms of one Racah coefficient by using the relations given 
in Chapter 6, section 1 of Fe65.
t v b + k  — I — a
W -15 1 1b k-i
W(alal’;bk ) (1.16)
This expression leads to the further restriction that k^ = k.
(iv) The Clebsch-Gordan vector coupling coefficient in eq.1.11 can be
written as ( 0 0, k | k 0) which leads to the condition = 0 and a
value of unity for the coefficient.
*
(v) £  (LLT). By setting k — k and IC =0, the efficiency tensorsW  i i
for a counter with axial symmetry are:-
e k0(LL,) e° at*) Dk ( & 1)kO 7 00 7 (1.17a)
The £ (LIT) are the efficiency tensors evaluated with the z-axis as 
the axis of the counter and are given by eqs. 2.75 and 2.76 in Fe65.
(R, 1 *= ($, 0, 0) where 0 and are the polar angles of the counter axis
• , . k -1m  the laboratory system. The elements of the rotation matrix D (/R )00 7
- 13-
are then simply P (cosO) (ref. Chapter 6,section 2 of Fe65). TheK
efficiency tensors € ^ ( L L f) are then
£  (IX») - [4TTCko(LL*) J0 j Pk (cos6) (1.17b)
The radiation parameters C^0(LLf) arise from a plane wave state of 
photons and are given by eq, 2,57 of Fe65, Substitution of the 
expression for these parameters in eq. 1.17b yields 
* Lf-1 A A
e  (11*) - (-1) 1 L* o (U, L«-l I kO) P, (cos0) 2 TTJ (1.18)
kO 4 ir k 1 k o
The Q^fs are the finite solid angle attenuation factors and the factor
2TTJq is the total efficiency of the counter.
By substituting in eq. 1.11 the expressions for the five terms 
which have been considered above, we obtains-
, v 's”1 i b-a+Lf-L+k-l o a a  I
W 6) " Ml* * Pk0(aa) (-1) rL’ J0Qk(U,1,,“:L /k0)
W(alaL*;bk) P, (cosO) b | 1 || a><b| 1*|| a > *
k X (1.19)
Introducing the coefficient as defined by Sharp et al. (Sh54), 
we obtain the following expression for the angular distribution, omitting 
factors which affect only the absolute magnitude.
W(6) - 2  p (-1)F Z^(Lal*a; bk) Pk(cos6) <^b| L II a> < b / L*|| a^>
kU't (1.20)
where F * L*-L+b-a- - and where the statistical tensors p, (aa) have been2 ku
written simply as p.kO
Dividing this expression by the real quantity 
j < b  I 1 11 a > | 2 -<b |  L || a> <b| L|| a ^  *
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+
and defining the amolitude mixing ratio as
b- I L*1 a> (1.2] )
<b(L|| a>
where L T = L+l, we find that eq. 1,20 can be written as
W(0) = W (©) + 26 V  (0) + 2)2 W (e) (1.22a)
J Xjx- t Jj t
L*-L+b-a- ISwhere W (q ) - P, (-1) 2 Q Z (LaL»a;bk) P (cos0) (1.22b)LL* k kO K 1 k
This expression is the same as that given by McCallum (Mc62),
It has been used for the double correlation studies described in Chapter
5.
1.3d Triple Angular Correlations
Equation 12 in Smith*s article (Sm62) was used for the analysis
L L * 1 L *
of the angular correlation of the Y-ray cascade a.__!_!_*. b 2 2> ^
shown schematically in fig. 1.1a. This expression is derived from eq. 1.13 
using considerations similar to those used in the previous section. Only 
those parts of the derivation not given by Litherland and Ferguson (Li6l) 
are discussed below.
Equation 4 in Li61 is obtained from eq. 1.13 by putting a* = a;
b* ■ b; c* = c; K = 0; k = K = 0  (by applying eq. 1.8 to k (ccf))c c
and noting that the Clebsch-Gordan coefficient (k K , k rc c’ 2 2
(00, k2o| k2o).
Litherland and Ferguson then proceed in a manner similar to that 
described in section 1.3c and derive the following expression for the
^K^)becomes
+ This thesis conforms with the convention used by Li61 and Fe65 for the 
sign of the amplitude mixing ratios. However, the ratio of intensities 
is independent of sign and is equal to the square of 6.
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correlation:-
W« V V >  ‘ 2  2n Pw («a) ^  \ 2 (-D12 V l ¥ l  
(L l.L’-l I k 0) (L l.L’-l I k 0) (k -K,k k| kO)1 * 1  > 1 2 * 2  I 2 1  2 '
Kw(Ui Uijj ;ck ) q q X (e ,e J )2 2 2 W  k ^  1 2 (1.23)
where the summation is over kk^k^Kl^L^L^L* and where *
c-b+Lf-L +Lf+k + K I . In the following discussion the highest radiation 1 2 2 2 ’ 1
multipole order which is considered is quadrupole, a restriction which 
applies to the generality of Smithfs tables (Sta62)«
2n is a factor which accounts for the duplication of interference 
terms and is given by
2" ■ (2A  L ,} (2A  L* ) <2-*ko >*11 2 2
p_ and pft take the values 0, 1 and 2 depending on 1 L 1 and L L f (for 1 2  9 1 1 2 2
pure dipole radiation, p « 0, for mixed dipole-quadrupole, p m 1, and
for pure quadrupole, p * 2)* The indices k^ and k^ can take the
values 0, 2 and 4 and the index K is limited to positive integral values
(and zero) such that the absolute value of K does not exceed either k^
or k^ . The angular dependence of the correlation is contained in the
/  (6 *0 ,0) functions which are defined byk, k 1 21 2
<k (V V ^1 2 2 PK (cos0 ) (cos0 ) cosK0h  1 k2 2 (1.24)
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where PK (cos0t) is a normalized associated Legendre polynomial as 
kldefined by Jahnke and Emde (Ja33). Hie angles 0 . 0  and 0 are shown1 2
in fig# l#lb*
The CK coefficients tabulated by Staith (Sm62) are defined as 
klk2
follows
CK (abcL LfL L*a) « 2  (-l)f3 2nä2 L LfL Lfk 1 1 2  2k1k2 1 1 2 2
(a a , a- a I kO) (1^1, tf-1 | k^) (^1, L*-l | k,0)
, (b h a](k^-K, k^K I kO) < b L» a > WtL^L'b; ck^ (1.25)
k k k L 2 1
where f, = a-b+c+L’-L +Lf-o +K. a 1 2  2
Ignoring constant factors and transforming the statistical 
tensors into population parameters by eq. 1.15a, the correlation function 
can then be expressed as
w(ei> e2, 0) p(a) s*1 b 2 c*
klk2
(abcL L»L L«o)1 1 2  2
«k \ < k <V V *>1 2  12
where the summation is over a! LTL Lf.1 1 2  2
(1.26)
This expression has been used for the analysis of the triple gamma- 
ray angular correlation work described in Chapter 5 of this thesis. The 
unknowns in the equation are usually the population parameters (or the
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corresponding statistical tensors) and the multipole mixing ratios. 
Equation 1.26 has the form
e , 0) 2 , 2k k K 1 2
K
\ k  1 2
i (© , k k 1 1 2  1
e , 0) (1.27)
In the case at present being considered (i.e. I«^,L*,L2,L* ^ 2) the
angle functions , which are characterized by the indices (k k K),
klk2 1 2
can have 19 sets of values which are linearly independent over a
sufficiently varied set of angles. As a result ,all of the 19 af
*lk2coefficients can be determined and it can be seen that the amount of 
available information (i.e. the number of measurable parameters) 
generously exceeds the number of unknowns.
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CHAPTER 2
9 12Neutron Groups from the Be (a,n) C Reaction 
2.1 Introduction
9 12The Be (a,n) C reaction is a convenient and widely used source
of fast neutrons both because of its high yield and because of the fact
that the neutron groups leading to the ground and first excited states 
12in C are well separated in energy. For neutrons to the ground state
1 9of C the Q value is 5.704 MeV and for the neutrons to the first
excited state Q is equal to 1.271 MeV. It is of interest to investigate
the resonances in this reaction both because of its use as a neutron
source and as these resonances can provide information on the excited
13states of the compound nucleus C.
The only Y ray present in this reaction is the 4.433 MeV
] 2transition from the first excited state of C. Pure targets are fairly 
easy to make by standard evaporation techniques using natural beryllium 
(as it has only one stable isotope).
The reaction has been studied prior to 1964 by a number of 
authors (e.g. Bo56, Ri57, Gi59, Se63) using bombarding energies up to 
10 MeV. However, the various neutron groups had been resolved in only 
limited ranges of a energy above 2 MeV: 1.7 to 5 MeV (Ri57) and 8.0 to 
8.5 MeV (De61). The yield of the neutrons to the first excited state 
(n^) may be up to 10 times greater than the yield of the ground state
neutrons (nQ) and so the nQ excitation function may contain additional 
resonances not seen in a total neutron yield excitation function.
At about the same time at which the present experiment was 
performed, Miller and Kavanagh (Mi65, Mi66) used a stilbene crystal to
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measure the 0° cross section for the 9Be (a,n) reaction as a function 
of bombarding energy for nQ (5.0 ^  ^>12 MeV), n^ (4*3 ^  ^  12 MeV)
and n2 (6.0 N>.1 MeV).
In the present experiment pulse-shape discrimination was 
employed to eliminate T-ray background and the yields at 0° of the nQ 
and n^ neutron groups were measured for bombarding energies from 2 MeV 
to 12 MeV. For a energies in this range, neutron energies range from 
7.7 MeV to 17.1 MeV for the ground state group and from 3.2 MeV to 12*3 
MeV for the first excited state group. Before proceeding with an 
account of the experimental method and results, a description of the 
pulse-shape discrimination set-up will be given.
2.2 Pulse-Shape Discrimination Method 
2.2a Light Production Mechanisms in Organic Scintillators 
In order to understand the basis for discrimination against 
Y rays in organic crystals it is desirable to consider briefly the 
differences between the processes for producing light from the recoil 
protons and electrons.
In 1956 Wright (Wr56) reported that scintillations produced by 
a particles and electrons in anthracene crystals have decay times of 
53 nsec and 31 nsec respectively. He assumed in his analysis that the 
scintillation pulse could be described by an initial fast spike (duration 
10 nsec) followed by a longer exponentially decaying component. Owen 
(Ow58) has pointed out that the decay times of both the initial fast 
spike and the long-lived components observed in organic scintillators are 
in fact independent of the type of exciting particles, lhe difference
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occurs in  th e  in te n s i ty  o f  th e  long  l iv e d  components r e l a t iv e  to  th e  
i n t e n s i t y  o f th e  i n i t i a l  f a s t  sp ike  and we s h a l l  c a l l  t h i s  an 
" e f f e c t iv e  decay tim e d if f e r e n c e " .  O rganic c r y s ta ls  ( e .g .  an th racen e , 
s t i lb e n e )  do show an e f f e c t iv e  decay tim e d if fe re n c e , l iq u id  
s c i n t i l l a t o r s  show a d if fe re n c e  prov ided  th ey  do n o t c o n ta in  d is so lv e d  
oxygen and p la s t i c  s c i n t i l l a t o r s  show o n ly  a v e ry  sm all d if fe re n c e  ( i f  
an y ).
Kallmann and B racker (Ka57) have suggested  th a t  th e  r e l a t i v e ly  
slow io n -recom bina tion  p ro cesses  in  th e  s c i n t i l l a t o r  m ight be th e  
in d i r e c t  cause o f th e  slow components. Brooks (Br59) looks more
c lo s e ly  a t  th i s  p o s s i b i l i t y .  A p a r t i c l e ,  on stopp ing  in  a s c i n t i l l a t o r ,
+ # produces io n ized  m olecules M and e le c t r o n ic a l ly  e x c ite d  m olecules M
along i t s  t r a c k  which decay by A and B re s p e c tiv e ly :
M + e ---- > M .......................(A)
M -----> M + photon ( i )
*  / <B> o r  M - —* M + h e a t ( i i )  J
Ihe  speed o f  A which su b seq u en tly  decays by  B i s  governed by th e  slow 
d if f u s io n  o f  e le c tro n s  back to  th e  ions M+ . The p r o b a b i l i ty  o f  decay 
by B ( i i )  r a th e r  th an  B (i)  i s  in c re a se d  by a h ig h e r  i n i t i a l  e x c ita t io n  
d e n s i ty , as f o r  example in  a p ro to n  tr a c k  compared to  an e le c tro n  t r a c k .  
So th e re  i s  l e s s  " f a s t "  component in  th e  case  o f p ro to n s .
E x c ited  m olecules M* formed by A a re  bom  in to  an environm ent 
where th e  e x c i ta t io n  d e n s i ty  i s  much l e s s  than  i t  was i n i t i a l l y  because 
th e  p ro cess  i s  slow . This o f  cou rse  a p p lie s  to  both  e le c tro n s  and 
p ro to n s  bu t even i f  th e  number o f "slow " photons from p ro to n s  i s  l e s s  
th an  th e  number o f  "slow " photons from e le c tro n s  th e  p ro p o rtio n  o f
- 21-
"slow" in the case of protons is expected to be greater as the relative 
amounts of B(i) and B(ii) in the "fast" processes are expected to 
dominate*
The above simplified account of the scintillation process is 
based on the interpretation of Brooks (Br59). An alternative mode of 
decay in equations B is the transfer of electronic excitation energy 
from one molecule to another. This process is important in solution 
scintillators, for in these it is the solvent which is initially excited 
and some of the excitation energy is transferred to the solute which 
subsequently emits. The above qualitative description may still be 
valid for solution scintillators provided that it is read that processes 
A and B apply to the solvent and that B(i) applies to the solvent— > 
solute— »-photons process. Brooks (Br59) suggests that the fact that 
dissolved oxygen reduces the slow components in liquid scintillators is 
due to the possibility of competition between the oxygen and the ionized 
scintillator molecules for the ionization electrons, thus reducing the 
number of recombinations.
2.2b Description of Apparatus
Neutrons and Y rays were detected in an NE213 encapsulated liquid 
scintillator of diameter 5.1 cm and length 7.6 cm. This scintillator 
consists of xylene, naphthalene, activators and POPOP spectrum shifter 
and has been shown to have good pulse-shape discrimination properties 
after dissolved oxygen has been removed (Br60, Li61a). The response 
of NE213 to fast neutrons has also been investigated (Ba61) and the 
light output has been measured to be 78$ that of anthracene. The
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manufacturers (Nuclear Enterprises Ltd.) quote the decay constant of 
the main component as 2*4 nsec.
The light pulses are converted to photo-electrons and amplified 
in a HCA-6810A 14-stage photomultiplier tube and the resulting signals 
are separated into fast and slow components in a circuit designed by 
and Sherr (Da6l) and available commercially from Nuclear 
Enterprises Ltd. (Model NE-5553). A block diagram showing the circuit 
functions in the discrimination probe is displayed in figure 2.1. The 
pulses from dynode 11 are amplified so as to provide an output 
proportional to the light pulse from the scintillator. The output of 
the P.S.D. network is positive for heavy particles (e.g. protons) and 
negative for electrons. The positive pulses are then amplified and 
passed through a voltage discriminator which triggers on those positive 
pulses above a fixed height (which is set externally). A pulse of fixed 
shape is provided by the output as shown in figure 2.1.
The current pulse from the photomultiplier tube may be described 
by the equation:
hDaenick
I(t, E) = A(E) e ^  + b (E) e 2 (2.1)
where: A B and ^ t*jne after the beginning of the
pulse; X  T  are the decay components and A, B the amplitudes of the
(a/b) -| prtron
fast and slow components respectively. The ratio ej-ec^ron ^  2.
pro ton
When the photomultiplier tube detects a scintillation, positive 
pulses are generated at its dynodes due to the electrons they lose in 
the multiplication process. The P.S«D. network (figure 2.2)uses both
DYNODE
Output
(+ve)
DYNODE II
DYNODE 13ANODE
Linear Output
100 m v/M eV '
Discriminator
Network
Linear
Amplifier
Output Stage
Pulse Forming Network
Amplifier
RCA 6 8 1 OA 
Photomultiplier
P.S.D. Output (electrons)
4  vol ts , 4jusec
Figure 2.1 Electronic block diagram showing the c ircu it functions 
in the NE-5553 pulse-shape discrimination probe*
Z  to
Figure Circuit diagram discrimination
network (ref. fig. 2.1). Typical pulse shapes are given along the 
’’fast*1 branch (i.e. from the anode to 0 via D^) and the "slow11 
branch (i.e. from dynode 13 to 0 via D^). All resistances are
quoted in ohms
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the positive pulse from the 13th dynode and the negative pulse from the 
anode. I t  discriminates between the proton and electron sc in tilla tions 
by comparing the quantity of charge arriving at the anode in the f i r s t  
few nanoseconds to that arriving at dynode 13 in the following 2 yusec.
A signal proportional to the fast component is  obtained by 
differentiation of the anode current pulse with a very short time 
constant and subsequent stretching and shaping of the pulse by diode 1>2 
and the RC c ircu it following i t .  Variations in VC^  lead to shape 
variations in the output of the t,fa s tw branch. Typical pulse shapes are 
shown, together with the c ircu it diagram, in figure 2. 2.
The diodes and B^  and R7 act as a fast switching c ircu it 
activated by the fast anode pulse differentiated by VC^  and R^  • These 
keep S at a negative potential for the f i r s t  t^ seconds thereby shorting 
out the fast part of the pulse from dynode 13. After time t^ the 
potential at M rises above that a t S so opening diode and allowing
positive charge from dynode 13 to be integrated for time t-^  t  <( t 2 
when the potential at M fa lls  below that at S. Normally t 2 -  2 jx  sec 
and is set by the values of R ,^ VC^  and the stray capacitance at M. 
t^ was chosen so that a l l  of the fast pulse is  removed from the pulse
from dynode 13. D , R. and C_ stretch the integrated slow pulse.3 b 2
The fast and slow pulses which were derived via B2 ^3
respectively are then added on R such that th e ir sum is  made very9
nearly zero (or sligh tly  negative) for electrons. Then for protons or 
heavier particles the sum always becomes positive because of the larger 
proportions of slow component for these partic les .
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A second important function of the diode is  a wresetw action 
i f  two pulses occur within the integrating interval« The second pulse 
w ill cause a large negative signal at M so bringing into conduction 
and discharging S. Then a new integration w ill be permitted which w ill 
collect the slow component of the second pulse plus any part of the f i r s t  
pulse s t i l l  remaining. This feature reduces erroneous gate pulses due 
to pile-up of slow component charges. In addition and R^  improve the 
lin earity  of the associated diodes for low level pulses, so making 
cancellation of the fast and slow branch outputs possible over a wide 
operating range.
2.2c Performance of P.S.D. Unit
The pulse-shape discrimination probe described above was tested 
using T rays from ^Co and ThC,f sources and neutrons from the T(d,n)^He 
and T(p,n) %e reactions. The results of a te s t using the 1.17 and 1.33 
MeV T rays from °^Co together with a 5 MeV neutron flux from the 
T^nJ^tTe reaction (Q * 0.764 MeV) are shown in f ig .2 .3a. Protons of 
energy 5.83 MeV incident on a gaseous tritium  target were used to induce 
the above reaction. The spectra shown in fig . 2.3b were obtained using
a ^Co T-ray source in the absence of neutron fluxes. In addition,
9 12neutrons and Y rays from the Be(a,n) C reaction were used to te s t 
the un it. A typical set of spectra with and without pulse-shape 
discrimination is  shown in f ig . 2.4. This particular reaction w ill be 
discussed in detail in the following sections.
2.3 Experimental Method and Results
A beryllium target of approximate thickness 25/ig/cm ( i .e .  about
1 3 N N V H 0 / S 1 N n 0 0
Figure 2.3 Spectra demonstrating the performance of the 
NE-5553 pulse-shape discrimination probe using (a) a ^°Co
3
Y-ray source plus 5 MeV neutrons (from the T(p,n) He reaction)
/ x 60and (b) a Co Y-ray source.
CH
AN
NE
L
14000
9 Be(g.nr)|2C •, E „= 525  MeV
Without P.S.D
FIRST EXC ITED
GROUP1,000
4 -4 3  M *V / - R A Y S  
FROM l2 C
-  With P.S.D.-
GROUND STATE 
NEUTRON GROUP
4 0  60
Channel Number
Figure 2,4 Graphs showing the e ffect of pulse-shape
discrimination on the spectrum obtained using NE213
liquid sc in tilla to r  to detect the neutron and Y-ray 
9 12flux from the Be(a,n) C reaction with E =
a
5.25 MeV
— 25—
20 keV thick for 5 MeV a partic les) was evaporated from a BeO crucible
onto a 0.020w Ta backing. Care was taken to make the targets as
uniform as possible so that fluctuations in the position of the beam
would not lead to fluctuations in y ie ld . The target was bombarded with 
4 4" A 4 +He and He ions from the A.N.Ü. tandem accelerator and the neutrons 
and T rays detected in a NE213 liquid sc in tilla to r  placed at (P to the 
incoming beam and at a distance of approximately 30 cm from the target. 
The neutron and T-ray pulses were separated using the pulse-shape 
discriminator described in the previous section (2 .2 ). A block diagram 
of the electronics set-up i s  shown in f ig .  2 .5 . The A.N.U* scalers were 
used to obtain a rough excitation  function during the running of the 
experiment.
The entire a energy range between 5 MeV and 12 MeV was covered 
at lea st twice in 50 keV steps and the region between 2 MeV and 5 MeV 
was covered once in 50 keV steps, runs being taken for a pre-determined 
quantity of beam charge (usually 30 y^C). Pulses from neutrons with 
energies greater than about 4 MeV were sorted in the RIAL analyser. 
Backgrounds taken on the reverse side of the target were found to be 
neglig ib le , as were backgrounds taken with a "shadow conew inserted in 
front of the sc in tilla to r  so that only room scattered neutrons would be 
detected. Typical spectra at E^  ■ 2 .0 , 5.15 and 7.95 MeV are shown in 
f ig s .  2.7a, 2.6a- and b respectively . The spectrum obtained using the 
reverse side of the target with Ea « 7.95 MeV i s  shown in f ig .  2.6b.
The peaking of the f ir s t  excited state neutron group in f ig .  2.6a i s  
presumably due to double scattering of neutrons from hydrogen in the 
sc in tilla to r  (Sw60).
Figure 2.5 Block diagram of the electronic equipment used in 
9 12the Be(a,n) C work. The following abbreviations have been 
used: S.C.A. = single channel analyser; coinc. = coincidence; 
0/P = output.
.5 o.
T) O
1 3 N N V H 0 / S i N O O O
9 12
F igu re  2 .6  Neutron s p e c tra  from th e  B e(a ,n ) C re a c tio n  a t
E = 5 * 1 5  and 7 .95 MeV, o b ta in ed  using  th e  NE-5553 P.S .D . 
a
p robe.
C 
H 
A 
N 
N 
E
L
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A computer programme, w r i t t e n  f o r  th e  IBM 1620 com puter, was 
used to  determ ine th e  n eu tron  y ie ld s  to  th e  ground and f i r s t  ex c ited  
s t a t e s  a t  each a energy . This programme su b tra c te d  backgrounds , 
c o rre c te d  fo r  a n a ly se r  dead-tim e, c o rre c te d  f o r  n o n - l in e a r i ty  in  th e  
NE213 s c i n t i l l a t o r ,  smoothed and in te g ra te d  th e  s p e c tra  and f i t t e d  
s t r a ig h t  l in e s  (by l i n e a r  l e a s t  squares a n a ly s is )  to  p o r tio n s  o f  th e  
in te g r a l  s p e c tra  to  determ ine th e  re q u ire d  n eu tro n  y ie ld s .
The n o n - l in e a r i ty  in  th e  r e la t io n  between th e  l i g h t  o u tp u t o f 
th e  s c i n t i l l a t o r  and th e  r e c o i l  p ro to n  energy was measured and found to  
be w e ll re p re se n te d  by th e  ex p ress io n s  g iven  by B a tch e lo r e t  a l .  (Ba61). 
This n o n - l in e a r i ty  was c o rre c te d  f o r  as fo llo w s:
The number o f  r e c o i l  p ro to n s  w ith  en e rg ie s  in  th e  range 
E -» E+dE i s  dN -  N(e ) dE.
The number w ith  s c i n t i l l a t o r  o u tp u t between L and L + dL i s
dN -  N(L) dL, so th a t  N(e ) -  N(L) S i
dE
dLwhere can be o b ta in ed  by d i f f e r e n t i a t in g  th e  ex p ress io n  o f B atch e lo r 
dE
e t  a l .  (Ba61).
The experim en tal s p e c tra  were smoothed by fo ld in g  w ith  a G aussian 
so th a t  th e  m id -p o in t o f  th e  s te p  ( r e f .  f i g .  2 .6 a ) could  be found using  
th e  computer programme by in s p e c tin g  th e  changes o f  s lo p e . Then f o r  
each neu tron  group, 10 channels o f  th e  smoothed in te g r a l  s p e c tra  were 
f i t t e d  w ith  a s t r a ig h t  l i n e ,  th e  5 th  channel being th e  ra id -p o in t o f  th e
s te p .  The in te n s i ty  o f  a p a r t i c u la r  n eu tron  group i s  then  equal to  th e  
o rd in a te  in te r c e p t ,  minus th e  o rd in a te  in te r c e p t  o f  th e  h ig h e r  energy 
neu tron  group ( i f  an y ). A ty p ic a l  in te g r a l  spectrum  w ith  th e  reg io n s
Ground State**, 
Group
* XIO
6 * 0 0 MeV
x INTEGRAL 
SPECTRUM. -
1st Excited 
S ta te  * 
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Ground
S t a t e
Group
0 20 40 60 80
C HANNE L
9 12
Figure 2.7 (a) A neutron spectrum from the Be(a,n) C
reaction at E = 2.00 MeV, obtained using the NE-5553 
P.S.D. probe.
9 (k) A smoothed integral spectrum from the
Be(a,n) C reaction with = 6.00 MeV. The shorter 
arrows indicate the regions f it te d  with straight lin e s .
- 27-
over which the fitting is done is shown in fig. 2.7b.
This integral-sum method is reasonably accurate as long as the 
neutron groups are fairly well defined. The validity of the method 
depends on the following three assumptions:
(i) that the n-p scattering cross section is isotropic in the centre 
of mass system, (ii) that all of the recoil protons are stopped in the 
scintillator and (iii) that neutrons are detected by single-scatter 
events. Although violations to these assumptions will not significantly 
affect the measured resonance positions or widths, they can lead to 
inaccuracies of up to about 10$ in the measured yield in the neutron 
energy range of interest.
The relative neutron yields as a function of a energy are shown 
in fig. 2.8. It is evident, as noted by Deshoande et al. (De61), that 
the two excitation functions are markedly different. The energy 
positions and approximate widths of the observed resonances together 
with the previous values are shown in table 2.1. The widths measured by 
Bonner et al. (Bo56) and Miller and Kavanagh (Mi66) are shown in 
brackets.
2.4 Discussion
12As the yield of the neutrons to the first excited state in C 
may be 10 times greater than the yield to the ground state, the total 
neutron yield is rather insensitive to variations in the yield of the 
ground state neutrons. This statement is substantiated by the fact that 
all of the resonances seen in the first excited state yield in the 
present experiment up to E * 9 MeV have been previously observed in the 
total neutron yield (Gi59, Ro62) with the exception of the resonance
to 2 0
* 15
First Excited State
Ground State
A l p h a  E n e r  g y (Mev)
F igure  2 ,8  R e la tiv e  neu tro n  y ie ld s  to  th e  ground and
12 9 12f i r s t  e x c ited  s ta t e s  o f  C from th e  B e(a,n ) C r e a c t io n .
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n e a r E ■= 7 MeV. However, th e  resonances in  th e  ground s t a t e  y ie ld  a t  
a
5 .^ 0 , 6 .2 5 , 7 .94 , 9 .0 5 , 10 .10 , 10.95 and 11.60 MeV, to g e th e r  w ith  
d o u b tfu l resonances a t  9 .60  and 10.60  MeV, had n o t been observed p r io r  
to  1964. A ll o f th e se  resonances have a lso  been seen by M ille r  and 
Kavanagh (Mi65, Mi66) w ith  th e  ex cep tio n  o f  th e  10.60 MeV (d o u b tfu l)  
resonance . P r io r  to  1964 th e  9 .70  and 11.60 MeV resonances in  th e  f i r s t  
e x c ite d  s t a t e  y ie ld  had n o t been observed . These resonances were a lso  
seen by M ille r  and Kavanagh. The d if fe re n c e  between th e  p re v io u s ly  
measured resonance w id ths and th o se  measured in  th e  p re s e n t experim ent 
r e f l e c t s  th e  d i f f i c u l t y  in  a ss ig n in g  su b s tru c tu re  under peak s . Ihe  
resonances l i s t e d  in  ta b le  2 .1  may n o t correspond to  a s in g le  le v e l  in  
13C bu t may be in te r fe re n c e  e f f e c t s  o r  f lu c tu a t io n s  invo lv ing  two o r  
more overlapp ing  l e v e l s .
A p re lim in a ry  r e p o r t  o f M ille r  and Kavanaghf s work was f i r s t  
p u b lish ed  l a t e  in  1964 in  a C altech  Q u a rte rly  S ta tu s  R eport ( to  th e  
O ffice  o f  Naval R esearch, W ashington) a f t e r  th e  p re s e n t work had been 
com pleted. As p re v io u s ly  m entioned, th e se  w orkers used a s t i lb e n e  
c r y s ta l  w ith o u t p u lse -sh ap e  d is c r im in a tio n  to  d e te c t  neu trons and T ra y s . 
As a r e s u l t  in fo rm atio n  cou ld  n o t be e x tra c te d  when th e  neu tron  and Y- 
ra y  s te p s  merged ( r e f .  f i g .  2 .4 ) .  This r e s t r i c t e d  M ille r  and Kavanagh
to  th e  energy range above E ■ 5 MeV f o r  th e  ground s t a t e  group and to
a
reg io n s  n o t in c lu d in g  th e  E = 8 .0  -  9 .5  MeV in te r v a l  f o r  th e  f i r s ta
e x c ited  s t a t e  group .
Gibbons and M acklin (G i65) have noted  th a t  th e  t o t a l  neu tron
9
c ro ss  s e c tio n  summed ov er a l l  an g les  f o r  th e  B e(a ,n ) re a c t io n  shows a 
g en era l in c re a s e  from about 100 mb a t  3 MeV to  about 750 mb a t  9 MeV,
- 30-
the only sharp resonance (width <C 200 keV) being observed at 4 MeV. This
general increase in cross section is due to low energy neutrons arising
12from reactions which proceed to higher excited states in C as well as
12the various reactions which do not lead to excited states in C (e*g.
9Be + a 8Be + ^ e  8Be + a + n, (Se63, Gi65)) .
- 31-
CHAPTER 3
Neutron-Proton Total Cross Sections Near 20, 24 and 28 MeV»
3.1 Introduction
There are at least two important reasons for accurately measuring 
the total cross section for n-p scattering. Firstly, this cross section 
is the basis for the determination of neutron flux in recoil detectors 
and secondly, it contributes information on the "two body" problem in 
nuclear physics. In addition, such measurements serve as a check on the 
predictions of Gajnnelts semi-empirical formula (Ga63).
The present experiment was undertaken to measure the n-p total 
cross section to an accuracy of 0.5# at neutron energies of approximately 
19.6, 24.0 and 28.0 MeV. The measurement at 19.6 MeV was made in order 
to compare our result at this energy with that obtained by Day et al. 
(Da59). Table 3.1 summarizes the results obtained in earlier work.
The cross sections in this experiment were obtained by measuring 
the transmission of neutrons in good geometry through a cylinder 
containing hydrogen ("sample in") relative to an identical evacuated 
cylinder ("sample out"). A good geometry transmission experiment is 
defined as one in which the source, sample and detector are arranged such 
that the sample is just large enough to shadow the detector and the 
detector is well-removed from the source. These features combine to make 
the inscattering correction small.
The results of a transmission experiment can be converted to a 
total cross section measurement by the following considerations. The 
relative flux decrease of a beam of neutrons after passage through a 
scattering sample of thickness dx is
- 32-
Table 3,1
Neutron-proton total cross section measurements in the neutron energy
range of from 17*5 MeV to 30 MeV
Author Mean Neutron Energy (lab) (MeV)
Total Cross Section 
^barns)
Sherr (Sh45) 25.4 0.39 ± 0.03
Day et al. (Da59) 19.665 - 0.026 0.4942 - 0.0025
Peterson et al. (Pe60) 17.8
1 20.6
25.3
28.3 
29.0
0.560 - 0.009
0.47 ± o.Ol
0.388 ± 0.009
0.34 - 0.01
0.331 - 0.008
Bowen et al. (Bo61) 19.55 ± 0.44 
20.00 ± 0.46
23.51 ± 0.57
24.09 ± 0.59 
27.29 ± 0.72 
28.03 ± 0.76
0.522 ± 0.026
0.479 ± 0.024
0.398 - 0.016
0.393 - 0.015
0.335 ± 0.012
0.322 ± 0.011
Present Experiment 19.565 | 0.024 
23.951 ± 0.017 
27.950 - 0.013
0.4933 - 0.0024 
0.3972 - 0.0017 
0.3376 ± 0.0021
Y ^ - n O ^ d x  (3.1)
where: I is the incident flux in neutrons/cm^
n is the number of nuclei/cm3 in the sample and 
0^ - is the total cross section.
The transmission (T) through a sample of thickness t is obtained
by integrating the above expression from x *= 0 to x *= t:-
t = I = e~n crT t (3.2)
where I0 and I are the flux of the neutron beam before and after passing
through the sample
- 33-
3»2 A pparatus
3«2a G eneral Arrangement
A good geom etry tra n sm iss io n  experim ent, employing h ig h  p re s su re  
hydrogen gas in  a 71 cm long s t a in le s s  s t e e l  c e l l  as th e  a t te n u a to r ,  
was used to  measure th e  t o t a l  c ro ss  s e c t io n . M ono-energetic n eu tro n s  
from th e  T(d,n)^He re a c tio n  were produced by deu terons a c c e le ra te d  in  
th e  A u s tra lia n  N a tio n a l U n iv e rs ity  Tandem Van de G raaff A c c e le ra to r .
The beam en te red  a 5 .1  cm long t r i t iu m  gas t a r g e t  through a 1.5/*m  
th ic k  n ic k e l f o i l  window as shown in  f i g .  3 .1 . Techniques d e sc rib e d  by 
Johnson and Banta (Jo 56) were used in  h and ling  th e  g a s , w ith  th e  t r i t iu m  
being  s to re d  as uranium  t r i t i d e  when n o t in  u se . The t r i t iu m  p re s su re  
in  th e  t a r g e t  was v a r ie d  to  keep th e  u n c e r ta in ty  in  th e  deu teron  energy  
lo s s  (and th u s  th e  neu tron  energy u n c e r ta in ty )  com parable w ith  u n c e r t­
a in t i e s  from o th e r  so u rces ( r e f .  ta b le  3 .3 ) .  This p re s su re  was 
approx im ately  0 .4 1 , 0 .5 4  and 0 .68  atm f o r  th e  d eu teron  e n e rg ie s  employed 
o f  3 .155, 6 .862 and 10.582 MeV r e s p e c t iv e ly .  A 0 .5  mm th ic k  tan ta lu m  
beam stop  was lo c a te d  a t  th e  end o f  th e  t a r g e t  c e l l ,  which was cooled  by 
a stream  o f compressed a i r .
The n eu tro n s  were d e te c te d  by a NEL02 p l a s t i c  s c i n t i l l a t o r  o f  
d iam eter 1 .9  cm and le n g th  5 .1  cm p laced  a t  0° to  th e  incoming beam 
d ir e c t io n  and a t  a d is ta n c e  o f  1 m from th e  gas t a r g e t .  The tra n sm iss io n  
c e l l  was p laced  mid-way between th e  t a r g e t  and d e te c to r  on a s t e e l  
su p p o rtin g  s tan d  which allow ed easy  removal and a cc u ra te  rep lacem ent o f  
th e  c e l l .  The gas t a r g e t ,  c e l l  and d e te c to r  were a lig n e d  to  an accuracy  
o f about 0 .2  nm w ith  th e  a id  o f a th e o d o li te  b e fo re  each s e r ie s  o f ru n s . 
An a d d it io n a l  2 .5  cm d iam eter by 5 .1  cm long p l a s t i c  s c i n t i l l a t o r ,  p laced
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a t  a d is ta n c e  o f  30 cm from th e  ta r g e t  and a t  45° to  th e  incoming beam, 
was used to  m onito r th e  n eu tro n  flux*  This m onito r served  as a  re fe re n c e  
f o r  th e  n o rm a liza tio n  o f  p a i r s  o f  ru n s , and in  a d d it io n , i t  was used  to  
check th e  o p e ra tio n  o f  th e  c u r re n t  in te g ra to r*  The m on ito r a lso  showed 
w hether th e  neu tro n  f lu x  was changing because o f  beam h e a tin g  e f f e c t s  
o r  lo s s  o f  t r i t iu m  from th e  ta rg e t*  Both n eu tro n  d e te c to rs  were mounted 
on 5 cm d iam e ter, 1 0 -s ta g e  EMI p h o to m u ltip lie r  tubes*
P u lse s  from bo th  th e  d e te c to r  and m onito r were am p lified  and 
passed  through in d iv id u a l d is c r im in a to rs  whose b ia se s  were s e t  a t  65$ and 
85$ o f th e  maximum p u lse  h e ig h t .  P e te rso n  e t  a l .  (Pe60) have used  tim e - 
o f - f l i g h t  tech n iq u es  to  s tu d y  th e  backgrounds p re s e n t in  17 MeV to  29 MeV 
n eu tro n  f lu x e s  from th e  T(d,n)^He re a c t io n .  W ith a 60$ b ia s  s e t t in g  th e y  
found th a t  th e  r a t i o  o f d e te c te d  T rays to  th e  d e te c te d  «good*1 n eu tro n s  
(p rim ary  n eu tro n s  from th e  T(d,n)"*He re a c tio n )  was l e s s  th an  0 .3 $  a t  a l l  
en erg ies  in  th e  ran g e , and th a t  th e  r a t i o  o f  d e tec te d  breakup n e u tro n s  
(from  re a c tio n s  such as T (d ,np)T  and T(dj2n)^He) to  d e te c te d  «good« n eu tro n s  
was l e s s  th an  0 .7 $  a t  29 MeV and com pletely  n e g l ig ib le  a t  e n e rg ie s  below 
25 MeV. In th e  p re s e n t experim ent th e  r a t i o  between th e  low and h ig h  
b ia s  s e t t in g s  was used as a check on th e  g a in  s t a b i l i t y  o f  th e  system .
A ty p ic a l  spectrum  f o r  «sample in «  a t  24 MeV neu tro n  energy d isp la y in g  
th e  b ia s  p o in ts ,  i s  shown in  f i g .  3 .2 .
3.2b T ransm ission  C e ll
For th e  «sample in "  ru n s , th e  hydrogen samples were co n ta in ed  in  
a s ta in le s s  s t e e l  c e l l  a t  p re s su re s  in  th e  v i c i n i t y  o f  200 atm . The 
c e l l  has an in te r n a l  d iam e te r o f  2 .9  cm and a w a ll th ic k n e ss  o f  1 .6  ran 
(Sh63). The s t a in le s s  s t e e l  end-caps, o f  th ic k n e ss  1 .588 -  o *005 ran,
CM
F igu re  3 ,2  T ypical n eu tro n  sp e c tra  a t  »  24 MeV f o r  both  
th e  hydrogen sample and th e  shadow b a r . The arrows in d ic a te  
th e  65% and 85% b ia s  p o in ts .
Ch
an
ne
l
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were h ard  so ld ered  to  th e  tu b in g . The le n g th  o f  each c e l l  was determ ined 
to  w ith in  0 .03  ran. A s t e e l  c a p i l l a r y  f i l l i n g  l i n e  43 cm long was s o ld e r­
ed to  th e  s id e  o f  th e  c y lin d e r  w ith  i t s  f a r  end e lo sed  by a h ig h  p re s su re  
v a lv e  and a b ra s s  cap* An id e n t ic a l  c e l l  was evacuated and used f o r  th e  
"sam ple o u t"  ru n s . The tra n sm iss io n s  o f  th e  two c e l l s  open to  th e  
atm osphere were compared u s in g  24 MeV n eu trons and found to  be equal to  
w ith in  th e  0 .14$ counting  s t a t i s t i c s  o b ta in e d .
~3
A fte r  evacu a tio n  by a l i q u i d - a i r  trap p ed  pump to  a t  l e a s t  10 
t o r r  and a m ild  b a k e -o u t, th e  tra n sm iss io n  c e l l  was cooled  to  about 
-80°C (by immersion in  a m ix tu re  o f  d ry  ic e ,  ace tone  and l iq u id  a i r )  and 
f i l l e d  w ith  h ig h  p u r i ty  hydrogen to  a p re s su re  o f  approx im ately  120 atm. 
The hydrogen p re s su re  a t  room tem p eratu re  was determ ined  by w eighing 
b e fo re  and a f t e r  p r e s s u r iz a t io n  and checked by f u r th e r  w eighings 
th roughou t the  cou rse  o f  th e  experim ent to  ensure  th a t  th e  c e l l  was n o t 
le a k in g .
The volume o f th e  c e l l  was determ ined by w eighing th e  c e l l  when 
empty and when f i l l e d  w ith  d i s t i l l e d  w a te r so t h a t ,  from th e  known 
d e n s ity  o f  w a te r , th e  volume could  be c a lc u la te d .  As a check, th e  
volume o f w a te r  re q u ire d  to  f i l l  th e  c e l l  was measured d i r e c t l y  and found 
to  agree w ith  th e  w eight v a lu e  to  w ith in  about 0 .2 $ . However, under 
h igh  p re s su re s  th e  volume and e f f e c t iv e  le n g th  o f th e  c e l l s  in c re a se d  
due to  deform ation  o f  th e  w a lls  and en d -cap s . C a lc u la tio n  o f th e  
deform ation  a t  a  p re s su re  o f  200 atm le a d s  to  th e  fo llow ing  num erical 
c o r re c t io n s
a) Change in  volume due to  in c re a se  in  th e  le n g th  o f th e  c y lin d e r  *
A V L « 0 .0 5 $
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b) Change in  volume due to  in c re a se  in  ra d iu s  = A vr * 0*19#
c ) Change in  volume due to  th e  bu lg ing  o f  th e  end caps * A \  ■ 0 .34#
d) E f fe c t iv e  le n g th  o f th e  c e l l s  *  Lg * L + 0 .940 (2h)
where L i s  th e  le n g th  o f  th e  c e l l  b e fo re  p re s s u r iz a t io n  and h i s  th e  
m agnitude o f  th e  end cap b u lg e s . The e f f e c t iv e  le n g th  o f  th e  c e l l s  was 
c a lc u la te d  by co n sid e rin g  th e  p a th  le n g th s  in  hydrogen o f  n eu tro n s  n o t 
s u f fe r in g  any in te r a c t io n  in  p a ss in g  from th e  t r i t iu m  c e l l  to  th e  
d e te c to r .  The g eo m etrica l f a c to r  o f 0 .940 i s  l e s s  th a n  1 .0  s in c e  th e  
end-cap b u lges were s p h e r ic a l  segm ents. Using th e  w eigh t o f  hydrogen in  
th e  c e l l  th e  number o f  hydrogen atoms/cm'* was th en  c a lc u la te d .
3 .2c Hydrogen Gas
The tra n sm iss io n  c e l l  was p re s su r iz e d  w ith  h ig h  p u r i ty  hydrogen 
gas produced by th e  Matheson Company In c . (U .S .A .) who re p o rte d  
im p u r it ie s  to  be l e s s  th an  10 p a r ts  p e r  m il l io n .  During each f i l l i n g  o f 
th e  c e l l ,  as d e sc rib ed  in  th e  p rev ious s e c t io n , a gas sample was taken  
and analysed  f o r  im p u r it ie s  on th e  mass sp ec trog raph  a t  th e  C anberra 
la b o ra to r ie s  o f  th e  C .S .I .R .O . The r e s u l t s  o f  a ty p ic a l  a n a ly s is  a re  
shown in  ta b le  3 .2 .
3 .3  Data C o lle c tio n  and A nalysis
Data were tak en  a t  each energy in  two s e r ie s  o f  about 90 runs in  
th e  sequence: shadow b a r ,  sample in ,  o u t ,  o u t ,  in ,  i n ,  o u t ,  o u t ,  in ,  
shadow b a r; t h i s  sequence was then  re p e a te d . This p rocedure was adopted 
in  o rd e r  to  minimize e f f e c t s  caused by slow g a in  d r i f t s  in  th e  
e le c tro n ic  system s. The beam c u r re n ts  used were ty p ic a l ly  o f  th e  o rd e r  
o f  1 yuLA and runs were te rm in a ted  when a p re -d e te  m in e d  amount o f  charge 
was c o l le c te d  by th e  c u r re n t  in te g r a to r .
- 37-
Table 3 .2
T ypical mass sp ec tro g rap h ic  a n a ly s is  o f gas used in  th e  experim en t.
Substance P ercen tage  by 
number
H2 99.683
HD 0.050
«2°
0.081
N2
0.043
°2 0.003
Hydrocarbons, e t c .  0.140
The two c e l l s  were in te rch an g ed  in  th e  two s e r ie s  o f runs in  
o rd e r  to  can ce l o u t any s l i g h t  d if f e re n c e s  which may e x is t  between them. 
Backgrounds w ith  th e  t r i t iu m  c e l l  evacuated were taken  about ev ery  6 h o u rs . 
D e ta ils  o f th e  background measurements w i l l  be d iscu ssed  in  s e c t io n  3 .4 a . 
N orm alization  to  th e  d if fe re n c e  in  m onito r coun ts ( th e  d if fe re n c e  between 
counts recorded  a t  th e  low and high b ia s  le v e l s )  and c a lc u la t io n  o f  th e  
tra n sm iss io n  f o r  each p a i r  o f  runs (using  eq . 3 .3  in  th e  fo llow ing  
s e c tio n )  was perform ed usin g  an IBM 1620 com puter. S im ultaneously  th e  
u n c e r ta in ty  in  th e  tra n sm iss io n  due to  counting  s t a t i s t i c s  was c a lc u la te d .
In d iv id u a l tran sm issio n s  f o r  each neu tron  energy were combined in to  
a s in g le  w eighted tra n sm iss io n  f o r  each p a r t i c u la r  f i l l i n g  o f  th e  hydrogen 
c e l l .  The w eigh ting  f a c to r s  were determ ined by s t a t i s t i c a l  u n c e r ta in t ie s  
o f each tra n sm iss io n . These tran sm iss io n s  were ty p i c a l ly : -  
0 .7 4  a t  20 MeV 
0 .78  a t  24 MeV
0 .8 0  a t  28 MeV
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The cross section was computed from the weighted transmission by 
using eq. 3*2.
3«4 Cross Section Corrections
Corrections to the cross section were made for backgrounds, 
inscattering, impurities in the hydrogen sample and deformation of the 
ce ll under pressure* The la s t  of these corrections was incorporated 
with the corrected value of the number of nuclei per cm'* and has been 
discussed above*
3*4a Backgrounds
Ideally the transmission used to calculate the cross section 
should be equal to the ratio  of the number of primary neutrons from the
4
T(d,n) He reaction passing through the hydrogen ce ll without suffering 
any nuclear interaction, to the number of primary neutrons from the 
same reaction passing through an identical evacuated ce ll without 
suffering any nuclear interaction.
I t  is  convenient to classify  the background neutrons according to 
th e ir  origin (Ha53, Mi63):-
( i)  room-scattered background made up of source neutrons which are 
scattered from the surroundings,
( i i )  neutrons produced when the deuteron beam strikes the collimators, 
the entrance fo il and the tantalum beam stop and
( i i i )  neutrons resulting from reactions such as D(d,np)D and T(d,d)T 
followed by T(d,n)^He.
Type ( i)  background was determined with the transmission ce ll 
replaced by a tapered brass shadow bar as mentioned in the previous 
section* This shadow bar had a length of 51 cm and extreme diameters of
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3.15 cm and 1.80 cm (with the wider end c lo ses t to the tr itiu m  ta rg e t)  
and a calcu lated  transm ission fo r  28 MeV neutrons of 5 x 10 
Backgrounds taken in  th is  way were found to be ^ 0 .5 #  of the d ire c t 
neutron flu x  and did not vary s ig n if ic a n tly  over long periods of running. 
Figure 3.2 shows a shadow bar spectrum compared to a ty p ica l spectrum 
obtained with the hydrogen c e l l  in  p lace.
Background neutrons of type ( i i )  were counted with the tr itiu m  
c e l l  evacuated and were found to account fo r le s s  than 0.1# of the d ire c t 
neutron flu x . A fter several days continuous running th is  background 
increased s ig n if ic a n tly . This was probably due to deuterium and tr itiu m  
build-up in the beam stop and carbon build-up on the n ickel entrance 
f o i l  since replacement of both of these reduced the background to  i t s  
former le v e l.
Ihe measured backgrounds were combined with the sample-in and 
sample-out runs in  the following manner to give a corrected transm ission
Corrected Transmission»
H-f^-S*SV
B-Bv-S+Sv
(3 .3)
where H is  the normalized sample-in counts, B the normalized sample-out 
counts and S the normalized shadow bar counts. The subscrip t v ind ica tes 
th a t the tr itiu m  c e l l  was evacuated.
Ihe corrections fo r the backgrounds were incorporated in  the 
computer programme used to  ca lcu la te  the cross section ( r e f .  previous 
sec tio n ).
3.4b In scattering
The equation = - ( l /n t ) ln T  is  v a lid  only i f  neutrons suffering
any nuclear in te rac tio n  in  the sample are not counted by the de tec to r
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As neutrons scattered towards the detector are counted as if no inten- 
action had occurred, it was necessary to make an inscattering correction, 
The inscattering correction for single-scattering in the present 
geometry is derived in Appendix A and can be expressed as:
a~JcrT
where
(1-/3 )
2
(3.4)
ß - 2 TT (D) crn(o°)
i - ( p
+ L tanh-^ t 
t L
Here 0~T = the total cross section corrected for inscattering and
CT*1 - the total cross section calculated neglecting inscattering. The T
meanings of the other symbols are given in fig. 3.1 and in Appendix A.
Using the values of 0^(0°) as given in the compilation of 
Goldberg et al. (Go62), the following corrections were obtained:-
En - 20 MeV, 1.0053 crT
En - 24 MeV, °"t = 1.0057 <
E - 28 MeV, cr = 1.0058 o ~ Jn T T
where is the neutron energy in laboratory coordinates.
Incidentally, it was not necessary to make a correction for 
inscattering by the steel end-caps of the cylinders, since the correction 
is the same for both the evacuated and pressurized cells.
3«.4c Impurities
As was noted in section 3.2c, mass spectroscopic analysis revealed 
the percentages (by number) of impurities as shown in table 3.2. For 
cases in which more than one element is present in the scattering sample
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the transmission is just the product of the transmissions of hypothetical 
samples made of the individual elements alone, each containing the same 
number of nuclei (of that particular element) as are present in the 
sample* As a result, the following expression was used to estimate the
where approximate values of the total cross sections (at the three 
neutron energies) of the nuclei involved were obtained from the compilat­
ion of Hughes and Schwartz (Hu58)* The magnitude of this correction can 
be obtained from table 3.4.
3.5 Neutron Energy Determination
The mean neutron energy was evaluated from the mean deuteron energy 
in the tritium target by using the tables of Fowler and Brolley (Fo56). 
These tables were computed with relativistic formulae, using a Q-value of 
17.586 MeV for the T(d,n)^He reaction.
The accelerated deuteron energy has associated with it an error 
contributed by (i) an uncertainty of ± 5 keV in the accelerator energy 
scale, including the effects of magnet hysteresis and (ii) possible 
variations of - 3 keV in the energy of deuterons which could pass through 
the entrance and exit slits of the 90° analysing magnet. By calculating 
the square root of the sum of squares of (i) and (ii), an uncertainty of 
- 6 keV is found in the accelerated deuteron energy.
In calculations shown in table 3.3, the energy loss of deuterons
dEin both nickel and tritium was found from the — - compilations of Fowler
and Brolley (Fo56). The thickness of each nickel foil target entrance
corrected total cross section (<T ):H
N (1—measured w measured * N CT +H H ^  n cr. (3.5)impurity imp imp
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] 3 13window was measured by determining the shift of the C(p,n) N 
threshold with the foil in and out of the beam. Since more than one 
foil was used at each neutron energy, the mean neutron energy quoted is 
such that it includes the results obtained using either nickel foil.
The spread in neutron energy resulting from straggling in the 
nickel foil (Ev55) and deuteron energy spread in the tritium was 
calculated for the three cases and the results are shown in table 3.3.
The errors attached to the mean deuteron energy and the deuteron energy 
spread are, in all cases, equal to the square root of the sum of squares 
of the individual errors.
3.6 Results and Discussion
The results of this and previous experiments in the energy range 
17 MeV to 30 MeV are shown in both table 3.1 and fig. 3.3.
In table 3.4 the factors which affect the cross section uncertain­
ties are listed for the neutron energies of 20, 24 and 28 MeV respectively. 
The cross section uncertainty resulting from uncertainty in the mean 
neutron energy was calculated using Gammel1s compilation (Ga63) to obtain
d<5~ /dE. By combining all the uncertainties in table 3.4 into a final 
T
root mean square uncertainty, we obtain cross section uncertainties of 
2.4, 1.7 and 2.1 mb at 20, 24 and 28 MeV, as shown in table 3.1.
The only measurement of comparable accuracy in the energy range 
under investigation is that of Day et al. (Da59). The cross section 
measured by these authors is in excellent agreement with the results of 
the present experiment.
Using the measured n-p total cross section in the neutron energy 
range from thermal to 42 MeV together with effective range theory, Gammel
® >  K
A . w  v  r  u
I / I Q I I I D
t> ❖  <  © O
(sujDg)uojpas ssojq |djox
F igu re  3 .3  Hie r e s u l t s  o f th i s  and p rev ious experim ents 
to g e th e r  w ith  Gainnel’ s sem i-em p irica l p re d ic t io n .  E rro r  
b a rs  a re  shown on o n ly  s ix  o f Bowen’ s r e s u l t s .
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Table 3.4
Factors contributing to uncertainties in the n-p total cross section at
the neutron energies of 20, 24 and 28 MeV.
Factor Uncertainty Resultant Cross Section Uncertainty (barns) (%)
Counting - 1 number\ 2 0.0022 0.45
statistics of \ 0.0016 0.41
\counts ) 0.0021 0.62
Weight of ± 0.005 g 0.00046 0.09
Hydrogen 0.00037 0.09
0.00025 0.07
Length of - 0.25 mm 0.00018 0.04
Cell 0.00014 0.04
0.00012 0.04
Volume of - 0.2 cm3 0.00022 0.04Cell 0.00018 0.05
0.00018 0.05
Inscattering 10^ of correction 0.00026 0.05
0.00022 0.06
0.00020 0.06
Impurities 10^ of correction 0.00011 0.02
0.00012 0.03
0.00012 0.04
Mean Neutron 26 keV 0.0006 0.12
Energy 17 keV 0.0003 0.08
13 keV 0.0002 0.06
(Ga63) has obtained the following semi-empirical formula for the n-p
total cross section as a function of neutron energy:
CT (E ) = 3TT T 1.206E + (-1.86+0.09415E «0.0001306E 2)2 1 _1T n L n n n ' _J
+ tt [l.206En + (0.4223+0.13En )2 J -1 (3.6)
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where E i s  th e  n eu tro n  energy in  la b o ra to ry  c o o rd in a te s . This form ula n
p re d ic ts  c ro ss  s e c tio n s  o f  495,9 mb, 399,7 mb and 336,1 mb a t  19 ,565 , 
23,951 and 27.950 MeV re s p e c t iv e ly .  These p re d ic t io n s  a re  w ith in  0 .52$ 
(2 ,6  mb), 0 .63$ (2 ,5  mb) and -0 .4 5 $  ( - 1 .5  mb) o f  th e  p re se n t r e s u l t s ,  th e  
f i r s t  two being j u s t  o u ts id e  th e  ro o t mean square  s t a t i s t i c s  o f  t h i s  
experim ent. As th e  d if fe re n c e  between th e  p re se n t r e s u l t s  and Gammel f s 
p re d ic t io n s  i s  n o t s ig n i f ic a n t  i t  can be concluded th a t  eq uation  3 .6  can 
be used to  a c c u ra te ly  p r e d ic t  ( c e r ta in ly  w ith in  1$) th e  v a lu es  o f  th e  
n-p  t o t a l  c ro ss  s e c tio n  in  th e  energy  range 18-30 MeV.
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CHAPTER 4
Nuclear Lifetime Effects on Gamma-Ray Angular Distributions
from Gas Targets 
4.1 Introduction
The work discussed in the present chapter was initiated as a
result of some preliminary investigations on the possibility of using
22 25 22 25 25 25the Ne(a,p) Na and ^Ne(a,n) Mg reactions to study the Na and Mg
nuclei respectively. During the course of these investigations the ang-
25ular distribution of the isotropic 0.584 MeV Y ray from Mg was measured 
and found to indicate that the mean position of Y-ray emission was located 
approximately 1 cm from the geometrical centre of the gas target cell.
The supposition that this observed shift is due to nuclear lifetime 
effects prompted a detailed investigation of the general question of 
lifetime effects on Y-ray angular distributions from gas targets.
In the present chapter it is shown that when gas targets are 
employed in the study of nuclear reactions it is important to recognize 
the effects which nuclear lifetimes can produce on the observed Y-ray 
angular distributions. These effects arise from the fact that an excited 
atom formed in a nuclear reaction may have a considerable velocity impart­
ed to it and hence may travel a non-negligible distance before Y-ray 
emission. Under these circumstances, the mean position for Y-ray emission 
will no longer coincide with the centre of the target cell (as was observ­
ed in the 22Ne(a,nY)25Mg reaction). It can be seen that this shift is 
of the order of V X  where V is the velocity of the recoil atom and 
is the mean life of the Y-emitting state. Furthermore, if V T  is small 
compared to the distance (D) of a detector from the centre of the cell,
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the ratio of Y-ray intensities in the detector calculated with and 
without this shift is of the order of £l+(2VZ cos0)/dJ :1 where Ö 
is the angle between the incident bean direction and the emitted Y ray*
It is of interest to note that if the distribution of the Y-ray 
activity along the beam axis of the target cell is determined, the 
lifetime of the excited state may be deduced. However, since more 
accurate electronic methods of determining nuclear lifetimes are 
available in the time range where these effects are observable, this 
technique is unlikely to be of much practical value* It should be 
pointed out that a method of measuring nuclear lifetimes in the sub­
nanosecond range which is similar in principle to that described above 
was employed over 14 years ago by Thirion and Telegdi (H153).
When angular distribution measurements are made on Y rays 
produced following a nuclear reaction in a gaseous target, false
•ftasymmetries can arise from causes other than those described above •
For example, the beam may drive some of the target material into the end 
of the gas cell and so produce a non-uniform distribution of gas along 
the axis of the cell. Furthermore the reaction yield as a function of 
distance along the axis of the gas cell may be non-uniform if the yield 
is a rapidly varying function of beam energy. The finite length of the 
target cell will also produce an asymmetry in the angular distribution.
*
For a full discussion of perturbations to Y-ray angular correlations 
which can arise from causes other than those discussed in the present 
chapter, refer to Ka64.
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F o r tu n a te ly  th e se  e f f e c t s  may be checked; in  th e  f i r s t  case  by 
determ in ing  th e  Y -ray y ie ld  w ith  th e  c e l l  empty and in  th e  second by 
vary in g  th e  p re s su re  o f  gas in  th e  c e l l  and a l t e r in g  th e  beam energy to  
compensate f o r  th e  v a r ia t io n  in  energy lo s s ,  Ihe  e f f e c t  o f  f i n i t e  c e l l  
le n g th  can be e a s i ly  c a lc u la te d  and i s  in  g en e ra l sm a ll. Asymmetries 
a r is in g  from f i n i t e  l i f e t im e  e f f e c t s  cannot be checked as e a s i ly  as th o se  
a r is in g  from th e  above th re e  e f f e c t s .  In  th e  fo llow ing  se c tio n s  we 
proceed to  c a lc u la te  th e  e f f e c t s  due to  l i f e t im e s  and to  p re se n t th e  
r e s u l t s  o f experim ents undertaken  to  v e r i f y  th e  form ulae o b ta in ed .
4 ,2  Theory
4 ,2a  G eneral Comments
The aim o f  t h i s  s e c tio n  i s  to  d e riv e  a n a ly t ic  ex p ress io n s  f o r  th e  
e f f e c t s  o f  n u c le a r  l i f e t im e s  on th e  observed garana-ray an g u lar d i s t r i b u t ­
ions w ith  a view  to  determ ining  the  range o f  n u c le a r  l i f e t im e s  where 
such e f f e c t s  a re  im p o rtan t. Furtherm ore, param eters f o r  th e  r a t io  o f 
c e l l  le n g th  to  t a r g e t - d e te c to r  d is ta n c e  needed to  ren d e r such e f f e c t s  
n e g lig ib le  w i l l  be deduced. O bviously i t  i s  p re fe ra b le  to  employ a sh o r t 
t a r g e t  chamber o p e ra tin g  a t  a h igh  p re s su re  r a th e r  than  a lo n g e r one w ith  
gas a t  a low er p re s s u re . This s o lu tio n  i s  n o t always f e a s ib le  due to  
l im i ta t io n s  on th e  s tre n g th  o f th e  f o i l  a t  th e  en tran ce  to  th e  t a r g e t  
chamber.
In  what fo llow s many assum ptions a re  made p r in c ip a l ly  to  s im p lify  
th e  m athem atics s in ce  in  g e n e ra l l i t t l e  would be gained  by a more 
rig o ro u s  approach. We w i l l  assume th a t  th e  r e c o i l  atoms formed fo llow ing  
a n u c lea r re a c t io n  a re  c re a te d  un ifo rm ly  along th e  a x is  o f th e  chamber 
volume ( i . e .  th e  energy  lo s s  o f  th e  in c id e n t  p a r t i c l e  beam i s  n eg lec ted )
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and th a t  th e  fo llow ing  l i n e a r  r e la t io n s h ip  h o ld s  between th e  range (R) 
and i n i t i a l  v e lo c i ty  (V) o f  th e  r e c o il in g  atom:
R = a V (4 .1 a )
where a i s  th e  slowing down tim e . The v e lo c i ty  (V^) a t  a tim e t  a f t e r  
fo rm ation  i s  g iven  by
V = Ve
V
- t / a (4 .1 b )
The v a l i d i t y  o f  eq u a tio n s  4 .1 a , b and th e  range ov er which th ey  ho ld  has 
been d iscu ssed  in  se v e ra l p apers  ( e .g .  L i63 , Wa63 and Go64). In  
a d d it io n , th e  c e l l  dim ensions a re  assumed to  be such th a t  no io n s  s top  
on th e  s id e  w a lls .  The above assum ptions a re  made p u re ly  f o r  s im p lic i ty  
b u t would be expected  to  app ly  in  many p r a c t ic a l  c a se s .
C onservation  o f  energy  and momentum le a d s  to  th e  fo llow ing  
ex p ress io n s  f o r  th e  r e c o i l  v e lo c i ty  o f  the  heavy io n s :
V  (p) -  p v ;  [
- (M + M ) L
cos p * (A2- s in ^  p ) 2 J (4 .2 )
o ^3 p
where A2 -  ^  Mo V  (Mi + V  Q
1 4 1  2 1  1 2
and where the  s u b s c r ip ts  1 , 2 ,3  and 4 r e f e r  to  th e  in c id e n t ,  ta r g e t ,  
l i g h t  r e c o i l  and heavy r e c o i l  n u c le i  r e s p e c t iv e ly  and where p i s  th e  
d i r e c t io n  o f  th e  heavy r e c o i l  nucleus w ith  re s p e c t to  th e  in c id e n t 
p a r t i c l e  d i r e c t io n .  In  d e r iv in g  eq . 4 .2  th e  approxim ate r e la t io n  
Ml + M2 “  M3 + has been u sed . In  eq . 4 .2  o n ly  th e  p o s i t iv e  s ign
A
i s  taken  when A >  1*
I t  i s  o f  i n t e r e s t  to  n o te  th a t  A i s  equal to  th e  r a t i o  o f th e  
c e n tre  o f mass v e lo c i ty  o f  th e  observed p a r t i c l e  (Vf ) to  th e  v e lo c i ty  o f
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the centre of mass (V ). When A2 <T 1 then V ,  >  V* and the emitted 
particles are confined to a cone about the forward direction, the half­
angle of which is Pmax “ sin ^A. In the present considerations, 
attention will be confined to cases where A ^  1 for it is under such
circumstances that the asymmetry of the gamma radiation becomes most
2 .marked. The condition A <  1 reduces to:
5 <  W  - ” , (4.3a)3 0
Q <  0 for all values of M - M (4.3b)1 3
2
Hence it can be seen that A 1 is a condition which commonly applies 
in experiments involving charged particle beams.
4.2b Gamma-Ray Flux as a Function of Distance along the Gas Target
In this section an expression is derived for the number of Y rays 
emitted per unit time in an element dx at a distance x from the entrance 
to the target chamber. The symbols used are shown in fig. 4.1.
The number of nuclei created in the element dx* which decay in 
the element dx is:
the number of undecayed nuclei
Adt (4.4). arriving at x from dx1 
where X , the decay constant of the Y-emitting level, is related to the 
mean life (1 ) of the level by X * l/T. dt is the time taken by the 
nuclei in crossing the element dx and is given by [dx/Ve_t a^)l
Assuming that the number of nuclei formed in dx* is — the
2i
number of undecayed nuclei from dxf arriving at x isj^p*. e ~ AtJ. t is 
the time taken to travel from dxf to dx and is given by the relation
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t - - o ln (1- £2l) (4.5)Va
The number of undecayed nuclei reaching x from dxf is therefore:-
— * exp fa A ln (1- (4*6)a L Va
Substituting these expressions in eq. 4.4 and integrating over 
x f in the range from 0 to x, we obtain the expression for the linear 
distribution D(x, p, V) of Y rays emitted from ions travelling with an 
initial velocity V at an angle of p with respect to the beam direction 
(V in the above equations has been replaced by (V cos p) to account for 
this):
D(x, P> V) * 1 f 1-exp i ln (1- — ---- )1
a L Vacosp -*
x <C Ve cosp 
x ^ V a  cosp
Va cosp^ 1 
x < Va cosp
(4.7a)
(4.7b)
(4.7c)
The number of Y rays emitted per unit time in an element dx at a
distance x is proportional to P(x)dx where 
2.TT p
f  r- I
D(x) “ \ \ [*<*> P> v+)N+(p)+D(x> P> V-)N-(p)J sinp dp d^ (4.8)
o o
N+ (p) is the number of high and low velocity heavy recoil atoms emitted 
at an angle p, and $ is the azimuthal angle in the plane perpendicular 
to the beam direction. Hie subscripts * and - indicate the sign taken 
in the equations for V and N at a particular p.
Using the expressions derived by Marion et al. (Ma59) for the 
transformation of data from the centre of mass to the laboratory system 
and noting that the x^ used by these authors is equal to l/A^, the 
following relation holds for a distribution which is isotropic in the
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centre of mass system:
N (p) - [cosp - (A2-sin2p)2j 
4TTA (A^-sin^ p)ä
(4.9)
The factor 4TT in the denominator is inserted to satisfy the normalization 
requirement
xTT r Pm<xX
 ^ ] [k+ (p )+N_(p >3 sinp dp d0 (4.10)
4.2c Asymmetry Ratio
We now proceed to evaluate the asymmetry produced in a point 
detector at a distance D from the centre of the cell (see fig. 4.1) by 
the non-uniform mission of Y rays along the axis of the cell.
We define an asymmetry ratio A(0) by the expression*»- r»/ r
° °  a-
subject to the normalization requirement that \ D(x)dx * 1. X(x) is 
the distance of the Y-ray detector from a point at a distance x from the 
entrance to the target cell as shown in fig. 4.1. Hie departure of the 
quantity A(0) from unity is a measure of the asymmetry arising from 
lifetime effects. The extension of the expression to account for finite 
detector size is straightforward. While eq. 4.11 can be integrated 
numerically if the angular distribution of the heavy (or light) particle 
is known, it is more convenient to work with the approximate analytic 
form derived below.
If Px is the probability that the Y rays are emitted while the 
ions are traversing the gas then(l-Px) is the probability that decay 
occurs at the end of the cell. The mean position at which decay is
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considered to occur (M) is given by (for the case VQ a ^  a)
M - Pxx + (1-Px)a (4.12)
where x is the mean position for decay of the recoil atoms which decay 
in flight, and where the velocity VQ is given by the relation
V0 - (2ME)2 / (M + M ) (4.13)
° 1 1  3 4
When VQ a a the cell is considered to consist of three regions defined 
by the relations 0 ^  x VQ a , VQ a ^  x a, x * a, and the mean 
position at which decay occurs is obtained by an obvious extension of 
the above relation. Defining a centroid shift S by S ■ M - we obtain, 
from geometrical considerations;
2 rA(e) =  22 - [ 1 + (§)2 - 2(|) cos ej  -i (4.14)
where Y is the distance from the counter to the mean position of decay 
(i.e. a point on the cell axis at a distance S from the centre of the 
cell). Therefore to enable computation of the approximate value of 
A(ö) we need to evaluate the quantity S.
We begin by assuming that
max
|~D(x, p, V+)N+ (p) + D(x, p, V_)N_ (p)J sinp dp ^  D(x, 0, VQ)
, ’ (4.15)
where Vq is as defined in eq. 4.13. A justification for this approximat­
ion is presented in section 4.2d. Using eq. 4.15, the mean position for 
decay in the gas can be written as:
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^ xD(x, 0, VQ)dx /  ^  D(x, 0, V0)dx
A +1 a A +1 .a Vf( TTlJ (^) (pa A +2 -i)
ZLH a + s “A+1 a / - 1 (4.16)
where ß  - (1 " <^ - )
The number of recoil nuclei which decay in flight (N ) is given
( 4 D(x, 0, V0)dx 
1 o
v o a  [
1 - ala A +1) L x-a- * )
aA +1
(4.17)
As the total number of nuclei formed in the cell is normalized to 1, 
is equivalent to Px in eq. 4.12, so that M and S can be evaluated in a 
straightforward manner. S is found to be:
c vo a T  L  'OS --r—  I 1 -a + X
v„ a T I (Vc aT)2 (1- )‘+2T/r
+ — -----------° VP V .  a >  aa (a+2 T )l a(a+T ') (a+2 T )
Vo . Vq » T  1
a + T  L a(a+2T)J vo a ^  a
(4.18a)
(4.18b)
We note that if is expressed in units of MeV and the nuclear 
masses in atomic mass units then VQ ~  (2M^E1)2 / (M3+M4) x  109 cm/sec. 
Hence it can be seen that asymmetries arising from lifetime effects 
should be observable in typical experimental arrangements when the mean 
lives of the Y-emitting states are ^  1(T10 sec. Using equations 4.14 
and 4.18, the ratio of the cell length to target-detector distance to
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re n d e r l i f e t im e  e f f e c t s  n e g l ig ib le  can be deduced f o r  a p a r t i c u la r  c a se . 
In  f ig u re s  4 ,2 , 4 .3  and 4 .4  th e  asymmetry r a t io  i s  p lo t te d  f o r  v a rio u s  
v a lu e s  o f V , a ,  T  , a and D; th e se  c a lc u la t io n s  were made u sing  eq s . 
4 .14 and 4 .1 8 .
4.2d D iscussion  o f  Approxim ations used in  4 .2c
In  t h i s  s e c t io n  we s e t  o u t to  j u s t i f y  th e  approxim ations used in
o b ta in in g  a v a lu e  f o r  th e  asynm etry r a t i o  as d esc rib ed  in  th e  p rev ious
s e c t io n .  In  d e riv in g  eq . 4 .18 th e  assum ption i s  made th a t  
iTT f  pr»a*
[p(x, p , V+) N<f (p) + d(x, p , V-)N- (p ) J  s inp  dp djj
°  -  D(x, 0 , V0) (4 .15 )
as was s ta te d  in  th e  p rev ious s e c t io n . When th e  in te g r a l  in  eq . 4.10 
i s  in v e s t ig a te d  i t  i s  found th a t  the  p r in c ip a l  c o n tr ib u tio n  comes from a 
reg io n  c lo se  to  p = p and. as a r e s u l t ,  th e  approxim ation p -  p« 
i s  u sed . Also i t  can be shown th a t  V -  V. (1 + aV 3 ) . We a re  
in te r e s te d  in  th e  component o f  th e  mean v e lo c i ty  o f  th e  heavy io n  along 
th e  beam d ire c t io n  ( i . e .  (Vcos p )mean) so , making th e  f u r th e r  approxim­
a tio n
(VC0S P)mean «  V a n * *  -  i p2mean>
we o b ta in  (Vcos p)mean -  V0 (1 + A2/3 )  (1 -  A2/2 )
“ Vo
Hence i t  has been shown th a t  th e  approxim ation g iven  by eq . 4.15 should 
be reaso n ab ly  a cc u ra te  even f o r  cases  where A approaches u n i ty .  I t  
should  be noted  th a t  when th e  e x c ite d  s t a t e  o f  i n t e r e s t  i s  popu la ted  v ia
M
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Figure 4 .2  V ariation  o f asymmetry ra tio  w ith angle fo r  
various va lu es o f a and D. For a l l  curves VQa *= 1 .0  and
^ a.
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Figure 4,3 Asymmetry ratio calculated for the geometry 
a ■ 3 cm and D = 30 cm using various values of VQa and X  •
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Figure 4,4 Effect of variations in VQa and on the 
asynmetry ratio for the geometry a = 1 cm and D == 10 cm.
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a Y -ray cascade p ro c e ss , p i s  c a lc u la te d  using  th e  Q v a lu e  a p p ro p r ia te
max
to  th e  form ation  o f th e  i n i t i a l  gamma em ittin g  le v e l ;  th a t  i s ,  cascade 
p ro cesses  tend  to  reduce th e  mean angle a t  which th e  r e c o i l  atoms a re  
em itted  w ith  re sp e c t to  th e  beam d ire c tio n *
In  fig*  4*5 th e  Y -ray y ie ld  as a fu n c tio n  o f  d is ta n c e  along th e  
c e l l  c a lc u la te d  using  eq u ations 4 .7  and 4*8 i s  compared w ith  th a t  
o b ta in ed  using  th e  approxim ation g iven  by eq . 4*15 f o r  v a r io u s  case s  
o u tlin e d  in  th e  leg en d . In  f i g .  4 .6  asym netry r a t io s  computed u s in g  
eq s . 4 .7 , 4 .8 , 4 .9  and 4.11 and th o se  c a lc u la te d  u sin g  eq u a tio n s  4 .14  
and 4.18 a re  p lo t te d .
These f ig u re s  show th a t  th e  approxim ate form ulae (e q s . 4 .1 4 , 4.15 
and 4 .18) p re s e n t y ie ld  r e s u l t s  in  c lo se  agreem ent w ith  th o se  o b ta in ed  
u sing  th e  more ex ac t r e la t io n s  (e q s . 4 .2 , 4 .7 , 4 .8 , 4 .9  and 4 .1 1 ) .
4 .3  E xperim ental R esu lts
To check th e  v a l i d i t y  o f  eq s. 4 .7  to  4 .9 ,a 1 .2 7  cm long gas c e l l  
was scanned w ith  th e  le a d  s l i t  and co u n te r  assem bly shown in  f i g .  4 .7  
in  which th e  s l i t - c o u n te r  arrangem ent can be moved p a r a l l e l  to  th e  beam 
d ir e c t io n .
The r e s u l t s  o f  such a scan w i l l  be o f  th e  form
oO
C(x) -   ^ D(x*) R(x-x»)dx»
-  oO
where C(x) i s  th e  count r a te  a t  a p o in t x  along th e  ax is  o f  th e  c e l l  and
R(x) i s  th e  fu n c tio n  which re p re se n ts  th e  r e s u l t s  o f a scan u sin g  th e
same s l i t  system  when th e  Y -ray  source i s  a p o in t so u rce . R(x) was
determ ined e x p e rim en ta lly  by observ ing  th e  y ie ld  o f  the  0.661 MeV Y ra y  
137from Cs d ep o sited  on th e  su rfa c e  o f a f l a t  p iece  o f  tan ta lum  p laced  
a t  90° to  th e  beam d i r e c t io n .
«tun «JOJWJO-PW* «Aitot*«
I
Figure 4 .5  Comparison o f Y-ray lin e a r  d is tr ib u tio n s  ca lcu la ted  
using eqs. 4 .7  and 4 .8  (shown by the p o in ts as ind icated  in  the  
legend) and obtained using the approximation given by eq. 4.15  
(in d ica ted  by the so lid  l in e s  in  the f ig u r e ) .
Figure 4.6 Comparison of asymmetry ratios calculated using 
eqs. 4.7 to 4.11 (exact) and those obtained using eqs. 4.14 
and 4.18 (approximate) for three different cases as described 
in the legend.
Nickel Entrance 
Window ^_
Incident Beam
F igure  4»7 Schem atic diagram  o f gas c e l l  w ith  le ad  s l i t  and 
co u n ter assem bly used in  th e  experim ents d e sc rib ed  in  th e  text;* 
The assem bly was moved in  a d i r e c t io n  p a r a l l e l  to  th e  beam
d ir e c t io n .
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Two re a c tio n s  in v e s t ig a te d  using  th e  above system  w i l l  now be 
d e sc r ib e d . For both re a c tio n s  th e  Y -ray y ie ld  was measured as a 
fu n c tio n  o f beam energy u sing  a " th in *  t a r g e t  ( i . e .  a sh o r t c e l l  w ith  
low gas p re s su re )  and th e  bombarding energy was s e le c te d  in  a reg ion  
o f minimum y ie ld  v a r ia t io n .
4 .3a  ^Ne (o.nY) Mg
The y ie ld  o f  th e  0 .584 MeV Y ra y  from th e  f i r s t  e x c ite d  s ta t e  
o f 2^Mg was measured u sin g  4 .5  MeV a lpha  p a r t i c l e s  from th e  A u s tra lia n  
N a tio n a l U n iv e rs ity  Tandem Van de G raaff A c c e le ra to r  in c id e n t on th e  
t a r g e t  assem bly shown in  f i g .  4 .7 . A s l i t  w id th  o f 0 .15  cm and a le a d  
th ic k n e ss  o f  17 .8  cm was u sed . Neon p re s su re s  o f  0.12 atm and 0 .34  atm 
were employed. The experim en tal p o in ts  to g e th e r  w ith  some ty p ic a l  e r r o r  
b a rs  a re  shown in  f i g .  4 .8 .
The th e o r e t ic a l  cu rves were o b ta in ed  by num erical in te g ra t io n  o f  
eq . 4 .8 . These cu rves were th en  smoothed u sing  th e  ex p e rim en ta lly
22determ ined response  fu n c tio n  (R (x)) f o r  th e  s l i t  arrangem ent. For a Ne
p re s su re  o f  0 .34  atm th e  fo llow ing  v a lu es  o f a and 'V were used :
a m 4 .8  x  10“ 9 sec "C ■ 4.91 x  10 9 sec
-9F or a p re s su re  o f  0 .12  atm, a  «  13 .5  x  10 sec and again  
X = 4.91 X 10_9seo .
The asymmetry ev id en t in  th e  peaks in  f ig u re s  4 .8  and 4 .9  i s  o f  no 
s ig n if ic a n c e  as i t  m erely  r e f l e c t s  an asynm etry in  th e  response fu n c tio n  
which a ro se  because th e  s l i t  was n o t e x a c tly  p e rp e n d ic u la r  to  th e  beam 
d i r e c t io n .
From f i g .  4 .8  i t  can  be seen th a t  th e re  i s  no s t a t i s t i c a l l y  
s ig n i f ic a n t  d if f e re n c e  between th e  experim en tal p o in ts  and th e  th e o r e t ic a l
Nton Prttftgr» « 0-117 atm
(b) Noon Pressur* » 0-340 aim
OISTANCE FROM FRONT OF CELL (mm)
F igu re  4 ,8  E xperim ental and th e o r e t ic a l  r e s u l t s  f o r  th e  y ie ld  o f th e
22 25
0.584 MeV Y ra y  from th e  N e(a,n ) Mg re a c tio n  using  neon p re s su re s  of 
0 .12  atm and 0 .3 4  atm. T yp ical e r r o r  b a rs  a re  shown on some experim ental 
p o in ts .  The th e o r e t ic a l  y ie ld s  a re  shown as smooth c u rv es .
013U 3AI1V13M
F igure  4 .9  Experim ental and th e o r e t ic a l  r e s u l t s  f o r  th e  y ie ld  
o f th e  0.871 MeV T ray  from th e  4N(a,pY) 0 re a c t io n  u sing  a 
n itro g e n  p re s su re  o f 0 .07  atm . T yp ica l e r ro r  b a rs  a re  shown on 
some experim en tal p o in ts .  The th e o r e t ic a l  y ie ld  i s  shown as a
smooth curve
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curves deduced using eq. 4.8.
4.3b N (q,pY) 0
Using 5.5 MeV alpha particles incident upon the gas target
containing 0.07 atm of nitrogen, the yield of the 871 keV T ray from the
17first excited state of o was observed as a function of distance along 
the cell. Ihe lead shielding used was 7.6 cm thick with a slit width of 
0.05 cm. The experimental results are shown in figure 4.9.
Ihe following values were used to obtain the theoretical curve:
-9 -9a = 1.6 x 10 sec, X  = 0.26 x 10 sec
The agreement between theory and experiment is satisfactory
although there is evidence that more than the expected number of excited
atoms decayed on the end of the cell.
22 25 14 17In experiments both with the Ne(ct,nY) Mg and N(a,pY) 0 
reactions there was no evidence for a build-up of activity at either the 
entrance or exit foils.
4.4 Conclusions
It has been established that when gas targets are employed in 
nuclear reaction studies asymmetries will be produced in the angular 
distributions of Y rays unless the following relations hold:
(i) VqX  « D  i.e. the shift in the mean position of Y-ray 
emission is much less than the target-detector distance.
(ii) VQa «  a i.e. the range of the recoil ions is much less than 
the length of the target cell. Experimental results confirm the validity 
of the expressions developed for the yield of the Y rays as a function of 
distance along the target. It has also been shown that in principle the
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life time of excited states can be determined by measuring the distrib­
ution of T activity along the axis of the gas cell*
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CHAPTER 5
Properties of Some Energy Levels of Mg
5.1 Introduction 
25 25The mirror nuclei Mg and Al have been the subject of
considerable interest during the past 10 years. The striking similarity
of the energy levels and decay schemes of these nuclei and their
interpretation in terms of the rotational collective model (Bo53, Ni55)
has been the subject of various investigations (e.g. Li56, Go57, Li58).
In the past few years several papers have been published dealing with the
25 25application of various models to Mg and Al (e.g. Bi60a, Sh62, Bh62, 
Ch63, Dr64, Pa65).
In the present chapter, experimental work undertaken to fill in
25some of the gaps in our knowledge of the Mg nucleus is described and
the influence of this additional information on the collective model
interpretation is discussed. In addition Morpurgo (Mo59) and Warburton
(Wa65) have derived a set of rules governing the strengths of Y-ray
transitions between corresponding states in mirror nuclei. Hie results
of the present investigations are used to test the validity of these
rules when applied to the above mirror pair.
The experimental information available on the 2^Mg and 2\ l  nuclei
as at the beginning of 1962 can be found by referring to the article of
25Endt and Van der Leun (En62); the Mg energy level diagram from this 
reference is reproduced in fig. 5.1.
25The branching ratios of Hie first 4 excited states of Mg were
25 25measured by Gove et al. (Go56) using the M g ^ p ’Y) Mg reaction.
E2/M1 mixing ratios have been determined for the 0.976 MeV level decays
25
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Figure 5 .1  Summary o f th e  in fo rm atio n  on th e  Mg energy le v e ls
and t h e i r  decay modes as measured p r io r  to  1962, As th is  f ig u re
has been copied d i r e c t l y  from En62, th e  s ig n  convention  used 
fo r  th e  E2/M1 am plitude mixing r a t io s  i s  d i f f e r e n t  to  th a t  used 
in  th i s  th e s i s .
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(Mc61) and fo r  th e  1 .611----->■ 0 t r a n s i t i o n  (Ra61). In  a d d itio n , th e  3 .4
MeV d o ub le t has been s tu d ie d  c a r e f u l ly  by a number o f au th o rs  ( e .g .  H i60, 
B161) and th e  b ranching  r a t io  o f  th e  3.408 MeV le v e l  has been determ ined 
using  th e  24Mg (n ,T )25Mg re a c tio n  (Ma59a, G r59).
Ihe  lo w -ly in g  le v e l s  o f ^ A 1 have been s tu d ie d  c lo s e ly  u sin g  th e  
24Mg (p ,Y )25Al re a c tio n  by a number o f  groups ( e .g .  L i56 , Ag56, Go58, 
Va58, L i5 9 ). These s tu d ie s  have re s u l te d  in  th e  d e te rm in a tio n  o f  a 
number o f  sp in s  and m u ltip o le  m ixing r a t io s  as w e ll as th e  Y -ray 
b ranching  r a t io s  f o r  th e  f i r s t  15 e x c ite d  s t a t e s  o f  t h i s  n u c leu s .
In  s e c tio n  5 .2  o f th e  p re se n t c h a p te r , a d e s c r ip t io n  i s  g iv en  o f
th e  measurement o f  th e  b ranch ing  r a t io s  o f a l l  th e  s ta t e s  in  2^Mg w ith
e x c i ta t io n  o f from 1*611 to  3*399 MeV in c lu s iv e*  These measurements were
c a r r ie d  o u t by observ ing  co in c id en ces  between th e  Y rays and v a rio u s
25 25
i n e l a s t i c a l l y  s c a t te r e d  p ro to n  groups from th e  Mg(p,p*Y) Mg re a c t io n .
The decay scheme o f  th e  1*962 MeV le v e l  i s  co n sid ered  in  d e t a i l  
in  s e c tio n  5 .3  u sin g  bo th  th e  25M g(p,pfY)25Mg and 22Ne(a,nY )25Mg 
re a c tio n s*  Angular d is t r ib u t io n s  o f th e  v a r io u s  decays were m easured 
and a p rocedure f o r  o b ta in in g  th e  E2/M1 am plitude mixing r a t io s  u s in g  
eq s. 1 . 22a and b i s  d e sc r ib e d .
T r ip le  Y-Y an g u lar c o r r e la t io n  measurements on th e  2*736— **0.976
> 0  and 3.399-----> 1 .6 1 1 -----> 0  cascades a re  d e sc rib ed  in  s e c tio n  5 .4 .
Using th e  tech n iq u e  in  which th e  i n i t i a l  s u b s ta te  p o p u la tio n s  a re  t r e a te d  
as unknowns (L i61 , 81162) ,  th e  sp in s  o f th e  le v e l s  and th e  Y -ray  m ixing 
r a t i o s  in  th e  above cascades were determ ined .
A summary o f th e  ex p erim en ta l r e s u l t s  i s  p re sen ted  in  s e c tio n  
5 .5 . In  s e c tio n  5 .6  th e  measured 25Mg branch ing  r a t i o s  a re  compared w ith
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the corresponding AI results and at the same time experimental
information is presented relating to the set of rules governing the
strength of corresponding transitions in mirror nuclei (Mo59). Ihe final
25section contains a general discussion of the interpretation of the Mg 
nucleus in terms of the rotational collective model as well as specific 
comparisons of the present experimental data with the predictions of 
this model.
5.2 Branching Ratios
In this section a description is given of the measurement of the
25Y-ray branching ratios for the 3rd to 8th excited states of Mg using 
the 25Mg(p,pfY)25Mg reaction.
5.2a Experimental Procedure
A beam of protons accelerated in the A.N.U. Tandem Van de Graaff
25Accelerator was used to bombard a Mg target of approximate thickness
2
15ymg/cm deposited on a thin carbon backing. The scattered protons
(from reactions such as 25Mg(p,p*)25Mg and 12C(p,p»)12C) were detected 
using a surface barrier detector of sensitive area 50 mm* 2 and depth 
nOjxm. (manufactured by Oak Ridge Technical Enterprises Corporation) 
placed at an angle of 90° to the beam direction as shown in fig. 5.2.
The Y rays were detected in a 3" x 3W cylindrical Nal(Tl) detector 
placed at a distance of about 10.5 cm from the target and at an angle of 
approximately 55° to the beam direction. The Nal(Tl) crystal was shield­
ed so that backgrounds would be kept at a low level. ,fFast-slown 
coincidences between the pulses from the proton and Y-ray detectors were 
accumulated in an RIDL pulse-height analyser.
A typical pulse height spectrum of the inelastically scattered
Incident Beam
Aluminium Scattering
• •
Chamber (wall thickness -5, 
internal diameter 7-J )
Collimators
Target ( ^ g  on 
^ t ^ a  carbon backing)ProtonCounter
Shielding
3" * 3" 
Nol (Tl)
B eam_
C ollector
Figure 5.2 Schematic diagram of experimental set-up for the 
branching ratio measurements.
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pro to n  groups i s  shown in  f i g .  5 .3 . This spectrum  was taken  u sing  an
in c id e n t p ro ton  energy o f 4.93 MeV a t  which th e re  i s  a resonance in  th e
25 ,
y ie ld  o f th e  p ro ton  group p o p u la tin g  th e  3 .4  MeV do u b le t in  Mg ( r e f .
f i g .  5 .4 ) ;  so in  f i g .  5 .3  th e  3 .4  group appears r e l a t i v e ly  more in te n se
12th an  i s  u s u a l. Beyond channel 80 th e  in te n s e  C ground s t a t e  group i s
lo c a te d  to g e th e r  w ith  th e  p ro to n  groups p o p u la tin g  th e  ground and f i r s t
25e x c ited  s ta t e s  o f  Mg. In  a d d itio n  i t  can be seen th a t  th e  t a r g e t
used to  o b ta in  th e  spectrum  shown in  f i g .  5 .3  co n ta in ed  some im p u rity
• , ^ ^ 31m  th e  form o f  P.
At a bombarding energy o f  4.625 MeV, p ro ton  an g u lar d is t r ib u t io n s  
were taken  a t  la b o ra to ry  an g les o f  from 90° to  160° in  5° s te p s .  The 
an g u lar d i s t r ib u t io n s  o f th e  p ro ton  groups feed in g  th e  0 .976 , 1.962 and 
(2 .7 3 6 , 2 .803) MeV le v e ls  were f l a t  to  w ith in  about -  30# and th e  1.611 
group showed a maximum a t  90° a t  which th e  i n te n s i ty  was about 1 .8  tim es 
th a t  a t  130°. A ll th e  an g u la r d i s t r ib u t io n s  tended  to  have s l i g h t ly  
g re a te r  magnitude a t  90° than  in  th e  angle  range from about 110° to  140°, 
From in te n s i ty  c o n s id e ra tio n s  a t  t h i s  bombarding energy th e  p ro ton  
co u n ter was p laced  a t  90° a lthough  i t  should  be no ted  th e  an g u lar 
d is t r ib u t io n s  w i l l  be d i f f e r e n t  a t  o th e r  bombarding e n e rg ie s .
W ith th e  p ro to n  energy a t  4.625 MeV a g a te  was s e t  on th e  1.962 
MeV p ro to n  group and th e  c o in c id e n t T ray s  m easured. The beam energy was 
then  in c reased  from 4.620 MeV to  5.200 MeV in  10 keV s tep s  and th e  y ie ld s  
o f  th e  v a r io u s  p ro ton  groups m easured. The r e s u l t s  o f  th e se  y ie ld  
measurements f o r  p ro to n s  p o p u la tin g  th e  1 .611 , 1 .962 , 2.565 and (3 .3 9 9 , 
3.408) MeV le v e l s  in  25Mg a re  shown in  f i g .  5 .4 . E n erg ies  were chosen
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Figure 5,3 Typical proton spectrum taken at a bombard­
ing energy of 4*93 MeV. The labelling on the peaks 
indicates the energy level of ^^Mg being populated via 
the ~^Mg(p,PT)^Mg reaction.
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Figure 5.4 Relative yields of the proton groups popul­
ating the 1*611, 1.962, 2.565 and 3.4 MeV leve ls  in ^^ Mg. 
The arrows indicate the energies at which measurements 
were made. The relative  yields in the four diagrams are 
unrelated.
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a t  which th e  y ie ld  o f  th e  p a r t i c u l a r  p ro ton  group was a maximum and th e  
re q u ire d  co incidence  s p e c tra  ta k en . At l e a s t  s ix  ru n s , each o f about 
1^ hours d u ra tio n  were taken  f o r  every  le v e l  s tu d ie d . The ta r g e t  
c u r re n ts  were ty p ic a l ly  o f th e  o rd e r  o f from 0 .3 y>A to  0 .4 ^ A  and runs 
were te rm in a ted  when 2000 / aC o f charge was c o lle c te d  by th e  c u rre n t 
in te g r a to r .  Random co in c id en ces  were measured s im u ltan eo u sly  by in t r o ­
ducing a 400 nsec d e lay  in  one o f th e  in p u t s ig n a ls  to  th e  Cosmic 
co incidence  u n i t .  The random co incidence  counting  r a t e  was always le s s  
than  about 40$ o f  th e  " r e a l  + random" counting  r a te  and u s u a lly  le s s  
than  20$ o f th i s  r a t e .
5.2b Method o f A nalysis
Once th e  co in cid en ce  sp e c tra  were ob ta in ed  th e  backgrounds were 
su b tra c te d  and th e  Y -ray i n t e n s i t i e s  e x tra c te d  as a c c u ra te ly  as p o s s ib le . 
The on ly  backgrounds o f  any s ig n if ic a n c e  were th e  random co incidence  
backgrounds.
5.2b ( i )  Gamma-Ray L ineshapes
The a cc u ra te  e x tr a c t io n  o f i n t e n s i t i e s  from Y -ray  s p e c tra  depends 
on o b ta in in g  p re c is e  lin e sh a p e s  over th e  energy range o f i n t e r e s t .  The 
d is t r ib u t io n  o f  p u lse  h e ig h ts  which r e s u l t  when a d e te c to r  in  a p a r t i c ­
u la r  experim ental se t-u p  i s  exposed to  a f lu x  o f Y ray s  o f energy E i s  
c a l le d  a lin e sh ap e  f o r  t h a t  Y ray*
In  th e  p re se n t experim en t, Y -ray s p e c tra  were c o l le c te d  using  11 
Y -ray sources in  th e  energy  range from 0.511 MeV to  3.56 MeV. These 
s p e c tra  a re  ou r s o -c a l le d  " s ta n d a rd  s p e c t r a ."  Note th a t  when sources 
in v o lv in g  a Y -ray cascade a re  used , i t  i s  p o s s ib le  to  g e t reaso n ab ly
a c c u ra te  l in e sh a p e s  f o r  th e  in d iv id u a l members o f th e  cascade by observ ing
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coincidences between two counters, lhis is feasible particularly if the 
Y rays are fairly well separated in energy. The 11 sources of Y rays 
(with the energies in brackets) are listed below:
(i) annihilation radiation (0.511 MeV); (ii) 137Cs source (0.662 MeV); 
(iii) 14N(a,pY)170 reaction (0.871 MeV); (iv) 6°Co source (1.173 and
1.333 MeV); (v) 22Na SOUrce (1.274 MeV); (vi) 24Mg(p,p«Y)24Mg reaction
28 28 la(1.368 MeV); (vii) Si(p,pfY) Si reaction(1.772 MeV); (viii) 4n
(p,PfY)14N reaction (2.311 MeV); (ix) 24Na source (1.368 and 2.754 MeV);
(x) ^C(p,pfY ) ^ C  reaction (3.09 MeV) and (xi) 9Be(p,aY)^Li reaction
(3.56 MeV).
The standard spectra collected were reduced to conditions in which 
the gain was 0.048 MeV/channel sind in which the zero of energy corresponds 
to channel zero. This was done by accurately determining the channel 
positions of two peaks of known energy in each spectrum by using a 
computer to fit the two peaks with Gaussian distributions.
The standard spectra were reproduced as closely as possible by 
constructing the spectra from the basic components (i.e. Compton 
scattering, photoelectric absorption and pair production) together with 
an energy dependent width function. This procedure yields a set of 
parameters which describe the energy dependence and relative intensities 
of the various components. Then, by using these parameters it was 
possible to derive the Y-ray lineshape at any energy in the range 
considered. If a measurement was made in a slightly different geometry 
to that in which the standard spectra were measured, it was possible to 
obtain the appropriate lineshapes by systematically varying the parameters 
by small amounts.
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The lineshapes were corrected for the efficiency of detection of
Y rays by using the calculations of Zerby and Moran (Ze62). Examples of
lineshapes for Y-ray fluxes of equal intensities from a source 10 cm in
front of a 3" x 3tt Nal(Tl) detector are shown in figs. 5.5 and 5.6. The
attenuation of the Y rays in passing through the 1*27 cm thick A1 target-
chamber side (ref. fig. 5.2) and the 0.107 cm thick Pb sheet was taken
into account using the data given by Davisson (Da65). The efficiency as
a function of energy was checked using the equal intensity 2.753 and
241.368 MeV Y rays from a Na source which was prepared using the
2**Mg(d,a)^Na reaction. Ihe experimental spectrum and the fit using the 
lineshapes are shown in fig. 5.7a. The intensities from this fit are 
proportional to 13.423 and 13.527 for the 2.753 and 1.368 MeV Y rays 
respectively, a difference of about 0.8y£.
It should be noted that the standard spectra were obtained in the 
geometry which was used for the angular correlation work to be described 
in the following two sections (5.3 and 5.4). In this geometry the 3W x 
3W Nal(Tl) crystal was mounted in the same steel holder as used for the 
branching ratio measurements and the front face of the crystal was set 
at a distance of 10 cm from the target. However, the surrounding 
material (i.e. the target chamber, shielding, etc.) was quite different 
in the two geometries and so the lineshapes had to be modified slightly 
before they could be used in the analysis of the p-Y coincidence spectra.
5.2b (ii) Errors Involved in Measuring at 55°
Allowance must be made for the errors involved in measuring the 
branching ratios with the Nal(Tl) counter fixed at approximately 55°.
The angle 55° was selected to make the term in P (cosO) a  0 so that
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F igu re  5,5 Gamma-ray lin e sh ap es  f o r  a 3M x  31* N al(T l) c r y s ta l  
a t  a d is ta n c e  o f 10 cm from a source o f Y rays o f  energy (a ) 
1,378 MeV, (b) 2 .432 MeV and (c) 3.408 MeV.
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F ig u re  5 .6  L ineshapes f o r  equal in te n s i ty  0 ,584 , 0 .976 , 1.611 
and 3.408 MeV T rays from a source 10 cm in  f r o n t  o f a 3M x 3M 
N al(T l) c r y s t a l .  The lin e sh ap e s  have been c o rre c te d  f o r  th e  
v a r ia t io n  o f d e te c t io n  e f f ic ie n c y  w ith  T -ray  energy .
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s ig n i f ic a n t  e r ro r s  may a r i s e  o n ly  when th e  r a t i o  A ^ /A^ i s  n o t 
approx im ately  ze ro .
The in te n s i ty  measured u sin g  th e  experim en tal se t-u p  d e sc rib ed  
above can be expressed  as
11(5S°) = ) ) Wl (ei  » ®2 * &  d n i  d i l 2 (5 ,1)
p ro to n  T -ray  
co u n te r co u n ter
where th e  ang les 0^, 0^ and f6 a re  as de fin ed  in  f i g ,  1 ,1 b , In  th e  
p re se n t geom etry 0 = 90° and ft » 180° and th e  h a lf -a n g le  subtended a t
Z —
th e  ta r g e t  by th e  3n x  3” N a l(T l) co u n te r i s  about 16 °, I f  we assume 
th a t  th e  p ro ton  an g u la r d i s t r ib u t io n  i s  approx im ately  is o t ro p ic  and th a t
th e re  i s  no azim uthal v a r ia t io n  in  th e  T -ray  d i s t r ib u t io n ,  eq , 5 ,1  can
\
be w r it te n  as
r n °
\  ^ 1 ^ 1 ^  s* n ®1 ^®i
39°
(5 .1 a )
I f  W^(O^) i s  expressed  as
»
V V  -  A0 + A2P2(cos01) + A P (cosO j) (5 .2 )
then
I  (55°) ~  0 .435 A -  0 .003 A -  0 .292 A (5 .3 )
The in te n s i ty  in te g ra te d  over th e  reg io n  from 0° to  90° i s  equal to  A
0
and i s  c a l le d  1^. I f  a second Y ra y  has th e  an g u la r d i s t r ib u t io n
W  ■ B0 + B2P2 (cOSV  + B4P4(cOSV  (5 .4 )
th en  3^(55°) and I 2 a re  i d e n t i c a l  to  1^(55°) and I  w ith  th e  A*s rep laced  
by Bf s .
The f r a c t io n a l  d if f e r e n c e  between th e  in te n s i ty  r a t i o s
(5.5)
I (55°) / I (55°) and I^/!^ can expressed ass
T2 * Il(55°)
® = 1 ' \  • I2(55°)
The difference between the measured and actual ratios is typically
in the range of 1% to 5%> but it can easily exceed this, particularly if
there is a strong PfcosO) term in either angular distribution.4
The fitted intensities of the lower members of the cascades from
the level under study are used to estimate the errors in the branching
ratios. However, it should be noted that this method serves only as a
rough guide in the estimation of errors. Depending on the various
angular distributions of the radiations involved, it is possible to have
an incorrect measurement of the branching ratios but to have agreement
between the intensities of the lower and upper members of the cascades.
Alternatively, it is possible to have a correct measurement of the
branching ratio but to have disagreement between the other intensities in
the cascades. However, as long as P (cos©) terms are small, the errors4
involved will be fairly small.
5.2c Results
The final p-Y coincidence spectra together with their respective 
fits are shown in figs* 5.7b to 5.10. The spectra have all been standard­
ized to a gain of 0.048 MeV/channel and backgrounds have been subtracted. 
The decays of each level will be treated separately. The bombarding 
energy at which each measurement was performed is shown in the headings 
together with the approximate ratio of the random to ”real + random” 
coincidence counting rates expressed as a percentage. These ratios were
No Source
Equol Intensity 1-360 
and 2-753  MeV y -ra y s  _0-511 MeV 1 3 6 8  MeV
o Data
2 75 3  MeV
•611 MeV
1-611 p -y  Coincidence
S p e c tr u m .
o—  Rt
r 200
0  511 MeV
0  2 0  4 0  6 0
CHANNEL
24F igure  5 ,7 (a )  Ganma-ray spectrum  from a Na source» The
smooth curve in d ic a te s  th e  f i t  to  th e  experim en tal p o in ts .
(b) The proton-gamma co incidence  spectrum  o b ta in e d
by s e t t in g  a g a te  on th e  1.611 p ro to n  group ( r e f .  f i g .  5 .3 ) w ith
E = 4.810 MeV.
P
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measured by using Australian National University fast scalers to count 
the total number of coincidences with and without a 400 nsec delay in 
one of the input signals*
5*2c (i) 1.611 MeV Level; E - 4.810 MeV; 25#------ ---------  p <
25 25Previous measurements using the Mg(p,p*r) Mg reaction (Go56) 
have indicated that the 1*611 MeV level decays directly to the ground 
state more than 96# of the time. It can be seen by reference to fig.
5.7b that this result is confirmed in the present experiment. The peak 
in channel lOj is presumably due to 0.511 MeV annihilation radiation 
which should have been completely eliminated from the coincidence 
spectrum during the subtraction of random coincidence backgrounds. Anni­
hilation radiation can. result from positron emitters which are produced
25 22 13 13in reactions such as Mg(p,a) Na (Q *= -3.142 MeV) and C(p,n) N
(Q ■ -3.044 MeV). Positron emitters could also be produced in the prese­
nt set-up by (p,Y) reactions on Mg, C or 0, although these reactions 
will probably be of low yield.
5.2c (ii) 1.962 MeV Level; E » 4.625 MeV; 10#------------------------  p --------------
Ihe branching ratios of this level have also been previously 
measured by the Chalk River group (Go56) to be 25 - 5# to the 0.976 MeV 
level, 50 - 3# to the 0.584 MeV level and 25# to the ground state. The 
errors quoted here (Go56) are chiefly statistical and do not take into 
account any possible angular correlations.
The present measurements were repeated at two widely separated 
times using the same experimental set-up at the same bombarding energy, 
but using a different 2^Mg target. The coincidence spectrum from the 
first run is shown in fig. 5.8a and the results of the two measurements
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are shown in table 5*1.
Table 5,1
Branching Ratio Measurements on the 1.962 MeV Level
Decay
(MeV)
Energy of 
Transition 
(MeV)
Relative
Intensity
Measurement
Relative 
Intensity 
I Measurement II
Final-
Branching
Ratios
1.962— >0 1.962 31 28 30 ± 3%
1.962— >*0.584 1.378 41 44 4 2 - 3 %
1.962 — >*0.976 0.986 28 28 2 8 - 2 %
1.962 — >*1.611 0.351 *4 8* <  3%
* The intensities quoted here are those of the 1.611 MeV Y ray.
The possibility of 0.511 MeV radiation being present in the
coincidence spectra will make accurate measurement of the intensity of
the 0.584— ^0 transition very difficult. Assuming that the peak centiv
ed about channel 12 in fig. 5.8a is due entirely to the 0.584 MeV T ray 
25from Mg, the first measurement indicates that the experimentally 
observed 0.584 intensity is within 1% of the value expected from the 
measured intensities of the 0.986 and 1.378 MeV Y rays. However the 
second measurement yields an observed 0.584 intensity 25% higher than is 
expected, indicating that in this case there is some 0.511 MeV radiation 
present. The fact that more 1.611 MeV radiation was present in the 
second measurement (ref. table 5.1) is probably due to incomplete 
subtraction of the random coincidence background. On the basis of the 
above measurements it is not possible to overlook the possibility of a 
transition from the 1.962 to the 1.611 MeV level. To investigate this 
further, the Y rays in coincidence with the 1.611 MeV Y ray were observed
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F igu re  5 ,8  Proton-ganma co incidence  s p e c tra  o b ta in ed  by- 
s e t t in g  g a te s  on th e  (a ) 1 ,962 and (b) 2,565 p ro to n  g roups. 
The unbroken l in e s  in d ic a te  th e  lin e sh ap e  f i t s  to  th e  
experim en tal d a ta .
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using the ^^Mg(p,p»Y)^Mg reaction at bombarding energies of 4*625 and
4.810 MeV. At the lower energy no coincidences of any significance were
observed even though it is known that the 1.962, 2.736 and 2.803 MeV
levels are reasonably populated at this bombarding energy. At
E * 4.810 MeV the only Y ray in coincidence was from the 3.399— >-1.611 P
MeV transition (E = 1.788 MeV). On this basis we can say that the Y
1.962— >1.611 transition accounts for less than 3% of the decays of the 
1.962 MeV level, as shown in table 5.1.
The errors attached to the final branching ratio quoted in table 
5.1 are such as to include the results from both measurements I and II. 
Possible angular correlation effects have not been fully taken into 
account.
5.2c (iii) 2.565 MeV Level; E - 4.850 MeV; 12%- 1 ■■ .....- — ' ■ 1 ■ ■ P ■ -- -
As the 2.565 MeV level has a spin of the ratios of measured 
intensities of the decays of this level are not subject to corrections 
for angular correlation effects. The coincidence spectrum in fig. 5.8b 
indicates that there is very little cascading either through the 1.962 MeV 
level (as there is no sign of the 1.962— >0.584 MeV Y ray) or direct to 
the ground state. In addition, a cascade Y ray from the 2.565 to the 
1.611 MeV level would need to have angular momentum L * 3 or 4.
The ratios of intensities are:-
2.565 — >1.962 (0.603 MeV) <  7%
2.565 — >0.976 (1.589 MeV) 21 - 2%
2.565”— >0.584 (1.981 MeV) 79 i
2.565 — > 0 (2.565 MeV) <  2%
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where the numbers in brackets are the Y-ray energies involved.
The measured intensity of the 0.976 T ray is 6% less than is 
expected from the intensity of the 1.589 MeV transition. This could be 
due to one or more of the following:- (i) angular distribution effects 
on the 0.976 MeV intensity; (ii) some 1.611 MeV radiation may remain in 
the M1.589 peak*1 if the randoms have not been fully subtracted; (iii) 
lineshape inaccuracies.
5.2c (iv) 2.736 MeV Level; E * 4.586 MeV; 8%------------- *---------------------------  p -----
The bombarding energy of 4.586 MeV was chosen by closely studying 
the shape of the (2.736, 2.803) peak in the proton spectra (ref. fig. 5.3) 
as a function of beam energy. At 4.586 MeV the 2.736 MeV level seems to 
be strongly populated compared to the 2.803 MeV level. The 2.803 
cascades in the coincidence spectrum at this bombarding energy were 
subtracted by an iterative procedure. In fig. 5.9a the peak in channel 
46 is due to 2.219 MeV radiation from the 2.803->0.584 transition. The
2.736— >0.584 transition would need to have L * 3 or 4, as it is shown
7in section 5.4 that the 2.736 MeV level has a spin of - Using the 
intensities extracted from the coincidence spectrum shown in fig. 5.9b, 
a first approximation was obtained to the branchings of the 2.803 MeV 
level which were used for subtraction from the intensities from fig,
5.9a. Then the branching ratios obtained for the 2.736 MeV level using 
this procedure were used in the subtraction from the 2.803 spectrum and 
so on until no variation in the branching ratios was observed.
The final results for the 2.736 MeV level decays are:-
2.736—  >0 (2.736 MeV) 7 ± 2%
2.736—  ^»0.976 (1.760 MeV) 85 - 3%
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F igure  5 .9  Proton-gamma co incidence  s p e c tra  o b ta in ed  by- 
s e t t in g  a g a te  on th e  (2 .736 , 2.803) p ro ton  group a t  
bombarding e n e rg ie s  o f (a ) 4.586 MeV and (b) 4.645 MeV. 
The f i t s  to  th e  experim en tal d a ta  a re  shown as unbroken
l in e s
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2.736 --►  1.611 (1.125 MeV) <  2^
2.736 -->-1.962 (0.774 MeV) 8 - 3#
The measured intensity of the 1.378 MeV V ray is 4% less than is 
expected from the intensity of the 0.774 MeV transition. The intensities 
of the 0.976 and 0.584 MeV transitions are respectively 6# and 1% less 
than is expected. These indicate that the above error assignments are 
probably reasonable.
5.2c (v) 2.803 MeV Level; E * 4.645 MeV; 20#■ - ■ - -  - ----  - ----- P -------- ----- -
At a bombarding energy of 4.645 MeV the shape and position of the 
(2.736, 2.803) peak in the recoil proton spectrum indicates that the 
2.803 MeV level is being strongly populated compared to the 2.736 MeV 
level. In fig.5.9b the peak in channel 36 is due to 1.760 MeV radiation 
from the 2.736 MeV level as 1.827 MeV radiation (from 2.803— v 0.9 76) 
would result in a photopeak in channel 38 as shown. In addition, when a 
gate is set on the pulses corresponding to the 0.98 MeV Y rays, there is 
no evidence of 1.827 MeV Y rays in the coincidence spectrum. An 
iterative procedure similar to that explained in the above section was 
used to extract the following branching ratios:
2.803— vo (2.803 MeV) 23 ± 555
2.803— H).584 (2.219 MeV) 40 - 556
2.803— K>.976 (1.827 MeV) < 356
2.803— vi. 611 (1.192 MeV) <656
2.803— VI.962 (0.841 MeV) 37 - 756
2.803— V2.565 (0.238 MeV) <  656
The intensities of the lower members of the cascades show quite 
marked variation from the values expected from the intensities of the
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Y rays direct from the 2.803 MeV level. The intensity of the 1.962 MeV
Y ray is within 1% of the expected value, the 1.378 is 38% lower than 
expected, the 0.98 is 33% low and the 0.584 is 12% low. It seems as if 
angular distribution effects are large in this particular case as line- 
shape inaccuracies cannot account for such large variations. The errors 
assigned are such that the measured values of the intensities of the 
lower members of the cascades can be made consistent with the branching 
ratios.
5.2c (vi) 3.4 MeV Doublet
As it was impossible to separate the inelastic proton groups 
populating the 3.399 and 3.408 MeV levels using our apparatus, the Y-ray 
cascades from this doublet were measured at three different bombarding 
energies (i.e. at three different relative populations of the two levels). 
The branching ratios of the 3.408 MeV level have been previously measured 
using the ^"Slg(n,Y)^Mg reaction (Gr59) and are shown in fig. 5.1. The 
measurements at each bombarding energy will be discussed separately.
a) E « 4.810 MeV; 35%
In the p-Y coincidence spectrum shown in fig. 5.10a, the fit 
below = 1.5 MeV is not accurate and so checks on the intensities of 
the low energy members of the cascades will not be feasible. The presence 
of cascades through the 2.803 MeV level is indicated by the 2.219 MeV Y 
rays in fig. 5.10a. These cascades would originate from the 3.408 MeV 
level (if the 2.803 MeV level has a spin o f ~ ) as it is shown in a later 
section that the 3.399 MeV level has a spin of | . The "^C(p,pfY) C 
reaction which occurs in the target backing gives rise to the 3.093 MeV
3-4 p-y Coincidence Spectro.
3 0 9 3
ED*5 16 M#V
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Ü 4 0 0
a 200
3093
E0- 4  93 M«V
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Figure 5«10 3 .4  MeV proton-ganma coincidence spectra at
bombarding energies o f (a) 4 .81 MeV, (b) 5 .16 MeV and (c)
4.93 MeV. The f i t s  to  the experim ental p oin ts are shown
as unbroken lin e s
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Y rays in figs* 5.10a, b and c. The inelastically scattered protons
13which are associated with the 3*093 MeV level in C are similar in
25energy to the proton groups populating the 3*4 MeV doublet in Mg*
Assuming the previously measured values of the 3.408 MeV branching 
ratios, the intensities extracted from fig. 5.10a indicate that the 3.399 
MeV level decays more than 80# of the time through the 1.611 MeV level 
and less than 20# of the time directly to the ground state. However
the possibility of some 3.408--->2.803 decays cannot be excluded. The
1.611 MeV Y ray is 8# more intense than the 1.788 MeV Y ray presumably 
because of angular distribution effects and lineshape irregularities.
b) E  - 5.16 MeV; 40#--  p -------------
An interesting feature of this measurement compared to the one at
E = 4.810 MeV is the much lower relative intensity of the 2.219 MeV 
P
radiation in the coincidence spectrum. With the exception of the 3.093
13MeV radiation from C, all the Y rays with energies greater than 1.8 MeV 
are less than 13# as intense as either the 1.611 or the 1.788 MeV Y rays. 
The results for the 3.399 decays after subtraction of the 3.408 decays 
are:
3.399— V O  ~  5#
3.399--->1.611 —  95#
The 14# difference between the intensities of the 1.611 and 1.788 MeV 
Y rays is mainly due to angular distribution effects.
c) E « 4.93 MeV; 40#--  p — ------- 1---
The coincidence spectrum at this bombarding energy (fig. 5.10c) 
emphasizes the fact that there is only a small proportion of direct ground 
state transition in the decays of the 3.399 MeV level. There is a 30#
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difference between the 1,611 and 1,788 MeV intensities indicating that 
strong angular distribution effects are present at this energy.
For the 3,4 MeV doublet the best we can do is to assume the
previous results on the 3,408 MeV decays with the reservation that there
may be a small percentage of decays through the 2.803 MeV level. The
3,399 MeV level decays are:
3.399-— > 0  ( 3.399 MeV) 5 - 5%
3.399---^1.611 (1.788 MeV) 95 - 5%
The fact that the 3.399 MeV level is strongly excited in the present
inelastic scattering experiment and that it decays predominantly through
the 1,611 MeV level, both suggest that this level is the third member of
the K * + rotational band based on the ground state (B164).
The results of the branching ratio measurements are summarized in
25fig. 5.11. The results will be compared with the corresponding A1 
branching ratios (shown in brackets in fig. 5.11) in section 5.6. As 
noted previously, the branching ratios quoted above have not been correct­
ed fully for angular distribution effects.
5.3 Angular Distributions of the Decays of the 1.962 MeV Level 
5.3a Theory
It has been shown in Chapter 1 that the angular distribution of 
radiation from a level of unique spin a to a level of spin b can 
be expressed as:
w(e) - wLL(e) + 2 s wLLf(e) + &2 \ , L ,(e) (1.22a)
wiiere W (0) = ^  (_i)b a+L 1 2 p z (LaL*a;bK)QP (cose) (1.22b)
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F igure  5.11 Summary o f th e  Mg branching  r a t io s  showing th e  
corresponding  25^2 r e s u l t s  in  b ra c k e ts . The sp in s  and p a r i t i e s  
shown above a re  th o se  measured befo re  1962, The numbers (0) to  
(9 ) which a re  a tta c h e d  to  co rresponding  le v e ls  in  2 5 ^  ^2  25A1 
a re  re le v a n t to  s e c tio n  5 ,6  o f th e  p re se n t th e s i s .
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The meaning of the various symbols used in eqs. 1.22a and b has been 
discussed in section 1.3 of this thesis.
The 1.962 MeV level decays to the ground, first excited and second 
excited states in the intensity ratios shown in fig. 5.11. The 1.962—  
0.584 MeV transition is a pure E2 T ray and so its angular distribution 
can be expressed simply as W(0) »
When the angular distributions of the various Y rays are expressed 
in the form
W(0) - A^ + A^P^(cosO) + A^P^(cosO) (5.6)
the theoretical values of the ratios (A^/A^) can be calculated in a 
straightforward manner using eqs. 1.22a and b together with the compil­
ation of Sharp et al. (Sh54). For the 1.378 MeV Y ray the ratio of
coefficients (A /A ) is:2 0
(A /A )
2 01.378
(5.7)
where the subscript on the (A /A ) is used to denote the energy of the2 0
particular Y ray being considered.
It is most convenient to work with the following ratios which are 
independent of the statistical tensors describing the initial state
(A /A ) 2 0
(A /A ) 2 0
(A /A ) 2 0u7n2 0
0.986
1.378
1.962
1.378
-[4* /ll*,2) (s-e*>
♦ [ I - n- ‘*] / “ * ‘!) ls-#l)
These expressions were obtained using eqs. 1.22a and b above
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It should be noted that the M s  in eqs. 5.8a and 5.8b refer to different 
T rays (i.e. the 0.986 and 1.962 MeV transitions respectively). It is 
possible to use the (A^/A^) ratios but in practice these are generally 
small and so have associated with them fairly large errors. Experimental 
determination of the angular distributions of the 0.986, 1.378 and 1.962 
MeV T rays then leads to quadratic equations in the mixing ratios for the 
0.986 and 1.962 MeV radiations.
5.3b Experimental Procedure»
25 25 25The 1.962 MeV level in Mg was populated via the Mg(p,pt) Mg
reaction using a proton beam from the Australian National University
25Tandem Accelerator incident on a Mg target of approximate thickness 
2
20/Ag/cm which was evaporated onto a 0.020M Ta backing. A 3n x 3n 
Nal(Tl) counter placed at a distance of 10 cm from the target was 
arranged such that it could rotate in the angular range of from -120° to 
+ 120° about the beam axis. A 5" x 4W Nal(Tl) counter was placed at a 
distance of 15.2 cm vertically above the target. Both counters were 
shielded to reduce backgrounds.
The yield of the 1.962 MeV T ray was measured as a function of
beam energy over the range 3.00 to 5.60 MeV in 25 keV steps and the
results are shown in fig. 5.12. Unlike the yield curve measured in the
previous section, the present yield curve includes the possibility of
population of the 1.962 MeV level by T-ray cascades from higher excited 
25states in Mg as well as covering a wider energy region. The angular 
distributions were measured in an approximate manner at the 3.27, 3.50, 
3.66, 4.25, 4.58 and 5.15 MeV resonances shown in fig. 5.12. The
Yield of 1-962 MeV y-Ray at a 
Function of Beam Energy.
40 45
Proton Energy (MeV)
Figure 5.12 Relative yield of the 1,962 MeV Y ray from 
25 25the Mg(p,pfY) Mg reaction as a function of bombarding
energy,
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resonances at 3*66 and 4.25 MeV were found to be the most favourable for 
closer study because of the greater anisotropy of T rays at these 
resonances. The fact that the higher excited states are not strongly 
populated at these resonances results in simpler spectra from which to 
extract the intensities of the Y rays from the 1.962 MeV level.
The angular distribution of the 1.962 MeV Y-rays was extracted 
from the direct spectra in the 3W x 3” movable counter, data being taken 
at angles of 0° , - 30° , - 45° , - 60° , - 90° and - 120° • The 
measurements were made on both sides of 0° so that both the absorption 
of Y rays in the Ta backing and the centring of the angular distribution 
table could be checked. For a study of the 0.986 MeV Y-ray angular 
distribution (without interference from the 0.976 MeV radiation from the 
second excited state) coincidence measurements were made between it and 
the isotropic 0.584 MeV Y rays. This technique was also used for the 
1.378 MeV angular distribution. Direct and coincidence spectra taken at
E = 3.66 MeV are shown in fig. 5.13. The yield of the 1.962 MeV Y ray.
P
as measured by the fixed 5W x 4W Nal(Tl) crystaltserved as a monitor for 
angular distribution measurements.
25 , .25In addition to the above resonances in the Mg(p,p»Y) Mg reaction^, 
the ^Ne(a,nY)^Mg reaction was used to obtain further information on the 
decays of the 1.962 MeV level. The reaction was induced using a 5.00 MeV 
a-particle beam which entered a gas target cell containing 5.3 psi of 
^Ne through a 1.5 ^ jim thick Ni foil window. The target cell was in the 
shape of a hemisphere of radius 0.43 cm so that Y rays emitted at all 
angles in the forward direction would have approximately the same
Direct 
S p ectru m .
0 5 8 4
0  976  
0  966
1962
0 -584  Coincidence 
S p e c tr u m .0  9 8 6
• Reale* Randoms 
x Randoms
4 0
CHAN N E L
F ig u re  5.13 T yp ical Y -ray sp e c tra  from Mg(p,p»Y) Mg
a t  Ep = 3 .66 MeV as m easured using  a 3” x 3’1 N al(T l) c r y s ta l  
The Flow er graph shows a co in cid en ce  spectrum  o b ta in ed  by
s e t t in g  a g a te  on th e  0 .584 MeV peak in  th e  d i r e c t  spectrum  
o f th e  5r* x  4,f N a l(T l) c o u n te r  (see  t e x t ) .
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a tte n u a tio n  in  th e  w a lls  o f th e  chamber. The c e l l  was made sm all to
reduce th e  s ig n if ic a n c e  o f l i f e t im e  e f f e c t s  on th e  angu lar d is t r ib u t io n s
( r e f e r  to  C hapter 4 ) . The co u n te r se t-u p  and experim ental procedure 
, .  , 25 . .25
were the  same as fo r  the  MgCpjOtY) Mg measurement d esc rib ed  above.
5.3c R esu lts
The experim en tal an g u lar d i s t r ib u t io n s  measured d sing  th e  
25 25 22 25
M g(p,pTY) Mg and Ne(a,nY) Mg re a c tio n s  a re  shown in  f i g .  5.14
to g e th e r  w ith  th e  f i t s  o b ta in ed  by l i n e a r  le a s t- s q u a re s  a n a ly s is .  The
f i t s  expressed  in  th e  form of eq . 5 .6  a re  given in  th e  f ig u r e ,  where th e
term s P (cosO) and P (cos©) have been ab b rev ia ted  to  P and P re s p e c t iv -  
2 4 2 4
e ly . The w eigh ts used to  o b ta in  th e  f i t s  shown were p ro p o r tio n a l to  th e  
number o f measurements which c o n tr ib u te  to  th e  p a r t i c u la r  experim ental
p o in t .  The r e s u l t s  a t  E = 3 .66  MeV are  th e  most a cc u ra te  o f  th e  th re e
P
s e ts  o f measurem ents, th e  o th e rs  being used sim ply to  s e le c t  the  accep t­
ab le  s o lu tio n s  from the  3.66 f i t s .
A fte r  c o r re c t io n  o f th e  experim en tal ( ^ /A ^ )  r a t io s  f o r  the  
a tte n u a tio n  due to  th e  f i n i t e  d e te c to r  s iz e ,  th e  v a lu es  o f 6 were 
o b ta ined  u sing  eq s. 5 .8a and b . These v a lu es  o f  b fo r  th e  th re e  cases 
a re  shown in  ta b le  5 .2 .
The E = 3 . 6 6  MeV r e s u l t s  were f i t t e d  w ith  and w ith o u t P (cos©)
p 4
term s in  o rd e r to  examine the  e f f e c t  on th e  f in a l  v a lu es  o f  b o f f a i r l y
sm all changes in  th e  f i t .  The an g u lar d i s t r ib u t io n  o f  th e  1.962 MeV Y
ra y  a t  E = 4 .25 MeV was th e  o n ly  o th e r  d i s t r ib u t io n  f i t t e d  using  a 
P
P (cos0) term* The v a lu es  o f th e  A c o e f f ic ie n ts  were no t known w ith  
4 4
s u f f i c i e n t  accuracy  to  allow  m eaningful a n a ly s is  in  term s o f them*
1-3
78 
Me
V y
-ro
y
Figure 5.14 Angular distributions of the 0,986, 1,378 and 
1,962 MeV Y rays from: (a) the 25Mg(p,p»Y)25Mg reaction at 
E = 3.66 MeV, (b) the ^^Mg(p,p,Y)2^Mg reaction at E = 4,25 
MeV and (c) the 22Ne(a,nY)^%ig reaction at E = 5,00PMeV.
The fits to the experimental points are sho\$i as unbroken 
lines and are expressed in terms of P2 (cosG) and P^cosO) 
(abbreviated to P2 and P4 respectively).
AN
GL
E
- 80-
Table 5.2
Solutions for the E2/M1 amplitude mixing ratios for the T rays from the
1.962 MeV level in 25Mg
Reaction BombardingEnergy
(MeV)
Is P4(cosö) 
used in fit? b1.962 b0.986
2SMg(p,p*r)25Mg 3.66 No -70.09, 0.59 0.28, 1.60
"5Mg(p,p»Y)25Mg 3.66 Yes -27.44, 0.56 0.25, 1.67
25Mg(p,p»Y)25Mg 4.25 Yes 0.62,90.16 0.11, 2.37
22 .25 Ne(a,nY) Mg 5.00 No 0.23,30.00 0.26, 1.66
A value of b near 0.6 can be assumed for the 1.962 MeV T ray even 
though it is not in good agreement with the 22Ne(a,nY)2\ g  results. Ihe 
final result for the E2/M1 amplitude mixing ratio for the 1.962 MeV Y ray 
is
„ M  + 0.116 = 0.56 - o.051.962
where the errors have been calculated on the E^ * 3,55 MeV results using 
the inverse normal matrix elements as described by Ferguson (Fe65, Chapter 
section 2).
The mixing ratio for the 0.986 MeV Y ray is of the order of 0.25.
In the E = 4.25 MeV case a value of b = 0.25 yields a fit well within the 
P
experimental errors. The final result for this Y ray is
„ A + 0.08 
°*25 - 0.060.986
where the error analysis has been carried out on the E 3.66 MeV results
as mentioned above
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5.4 Triple Angular Correlation Measurements on the 2.736 and 
3.399 MeV Levels.
5.4a Introduction
Triple T-T angular correlation measurements have been carried out 
on the 2.736-- *-0.976-- *0 and 3.399-- *“1.611-- > 0  cascades using the
2^Mg(p,ptY)^^Mg reaction. The 2.736-- >»0.976— >» 0 cascade has as
unknowns the spin of the initial state and the raultipole mixing ratio of 
the 2.736— *-0.976 transition (i.e. the 1.760 MeV Y ray). The branching 
ratio measurements indicated that the 2.736 MeV level decays through the
0.976 MeV level approximately 85% of the time. The 3.399-- 1.611-----0
cascade is of interest as the spins of both the 3.399 and 1.611 MeV levels 
are uncertain and the mixing ratio of the 1.788 MeV Y ray (from the 3.399
----*“1.611 transition) has not been previously measured. The multipole
mixing ratios of the lower members of both cascades have been previously 
measured (Me61, Ra61).
5.4b Method of Analysis
The results of measurements on the two Y-Y cascades discussed 
above were analysed using the technique introduced by Litherland and 
Ferguson (Li61) in which the relative populations of the magnetic substat­
es of the initial level as well as the Y-ray mixing ratios and any 
undetermined spins are treated as unknowns. A description of the derivat­
ion of the relevant formulae has been given in Chapter 1. For convenience, 
the expression for the correlation function as well as the meanings of the 
symbols employed are given below.
The intensity correlation of two successive radiations from an 
aligned state a (ref. fig. 1.3a) a — >*b— *c expressed as a function of
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the angles 0^, ©2 and 0 (as defined in fig. 1.1b) is:-
W(0 0) - 2 1  P(a)
° W 2L2 k k K 1 2  1 2
K
1 2 1 2 L
(1.26)
where:
The P(a)fs are the population parameters of the magnetic substates 
of the level a,
of the two T rays in cascade,
K
Ck k (abcLjLJL^LJ^i) are the coefficients tabulated by Smith (Sm62), 
1 2
9 are the finite solid angle attenuation coefficients which
1 2 , N have been defined and tabulated by Ferguson (Fe65),
K
. ( 0 , 0 ,  0) are the angle functions defined by eq.1.24. k k 1 21 2
The values taken bv the indices k , k , K and p , p have been1 2 1 2
discussed in Chapter 1.
The method of expressing the correlation in terms of linear 
parameters which specify the alignment of the state a with respect to the 
incoming beam direction (i.e. in terms of either the population parameters 
or the statistical tensors) has several advantages over the method in 
which the formation parameters enter the analysis (Ha65):
(i) the analysis can be carried out without knowledge of the 
formation mechanism of the state and,
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(ii) Linear least-squares analysis can be used to obtain the best 
values of these linear parameters for each combination of the nonlinear 
multipole mixing ratios (Sn64).
A disadvantage of the particular approach used in this experiment
is that the W(0^, 0^, 0) must have the same normalization for each
^geometry*’ and unless the measurements in each geometry are performed
under identical circumstances (i.e. unless a "straight-throughw measuring
programme is employed) a degree of arbitrariness is introduced because of
the fact that the data has to be normalized afterwards (Sn62, G163).
In the present work two methods of analysis were used. This
permitted examination of the two methods for their relative merits as
well as allowing a check to be made on the possibility of errors in the
computer progranmes by comparing the two sets of output.
The first method which we shall call method A was simply to
perform a grid-search using eq. 1.26 with the population numbers and the
Y-ray mixing ratios as parameters to be varied. The computer programme
2used listed as output all fits with a value of Q below a certain
2predetermined value. Here Q is defined as
q2 " 5H5 Z f l  (V Ei >
i=l
(5.9)
where M and N are respectively the number of measured points and the 
number of parameters varied (in this case the number of population 
parameters). VL and are the theoretical and experimental values of 
the correlation for a particular **in where niM represents a specific 
combination of the angles 0„, 9 and 0. The cY\ are the standard1 2  i
deviations associated with the experimental intensities E^. As the
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standard deviations are not known, relative weights proportional to the
number of measurements were attached to the experimental points and the 
2values of Q calculated. Method A has the disadvantage of being relative­
ly slow and cumbersome and a fast computer is needed for the method to be
2practicable. The minimum value of Q found by method A for a particular
set of 6 and t values will be called . However, it should be noted1 2 ’
that the value of A found using this method will depend on the coarse­
ness of the grid search which is used so that fine grid searches are 
required over regions of interest.
By application of eq. 1.15b, eq. 1.26 can be readily expressed in 
terms of statistical tensors instead of population parameters. The 
second method of analysis (named B) was to perform linear least-squares 
analysis on the statistical tensors, treating the Y-ray mixing ratios as
parameters. That is, for assigned values of 5 and 6 method B calculat-1 22
es the minimum value of Q (which we shall also call %  2) as well as the
corresponding values of the statistical tensors. This method has the
advantages of speed and that for a particular set of values of h and b1 2
exact minima are found. In addition, for cases in which the spin of the
initial state a exceeds the sum of the maximum values of the Y-ray
multipolarities considered in the analysis (i.e. when a >  (LT + L f)),
^  1 2
the order of the tensor parameters may be limited to K ^  21 where 1 is 
the orbital angular momentum of the populating protons (No64). Because 
of the considerable value of the Coulomb barrier for higher proton 
orbitals, cases where the value of 1 exceeds 3 are considered unlikely to 
occur. The above limitation is applied in the following analysis for the
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Q
case  in  which a * -  .
2
Once a s o lu tio n  has been found using  method B, i t  i s  n ecessa ry  to  
check th a t  th e  p o p u la tio n  param eters correspond ing  to  th e  v a lu es  o f th e  
s t a t i s t i c a l  te n so rs  o b ta in ed  have v a lu es  in  th e  range o f  from 0 to  + 1 . 
I f  n o t, then th e  s o lu tio n  i s  p h y s ic a l ly  u n re a l .
Tf a g iven  sp in  com bination can ex p la in  th e  observed c o r r e la t io n ,  
then a minimum in  th e  neighbourhood o f u n ity  (Wa S9) w i l l  be found in  'X 2 
as ^  and ^  a re  v a rie d ,p ro v id e d  th e  c o r r e c t  w eigh ts are  used in  eq. 
5 .9 . As r e l a t i v e  w eigh ts were used in  th e  a p p lic a t io n  o f  methods A and 
B, i t  was p o s s ib le  to  e s tim a te  th e  " t ru e "  w eigh ts by using  th e  f a c to r  
n e ce ssa ry  to  make th e  minimum in  "X 2 c lo se  to  u n i ty .
5 .4c Experim ental Procedure
The M g(p,pty) Mg re a c tio n  was induced by bombarding a 25Mg 
t a r g e t  o f approxim ate th ic k n e ss  2 5 ^g /cm 2 (evapora ted  on a 0.020« Ta 
backing) w ith  a p ro ton  beam from th e  A.N.U. Tandem A c c e le ra to r . The 
ta r g e t  was mounted on a s tro n g  b ra s s  frame and was s e t  a t  an angle o f  45° 
to  th e  beam d i r e c t io n .  The a n g u la r  c o r r e la t io n  was p e rfo m ed  using  th e
experim en tal se t-u p  shown in  f i g .  5 .15  in  which th e  3« x  3« N a l(T l)co u n te r 
could be ro ta te d  in  th e  h o r iz o n ta l  p lane  and in  which two 5« x  4" N al(T l) 
co u n ters  were s e t  a t  a d is ta n c e  o f  16 .3  cm from th e  t a r g e t ,  one mounted 
v e r t i c a l l y  above th e  ta r g e t  and th e  o th e r  a t  an ang le  o f  90° to  th e  beam 
d ir e c t io n  in  th e  h o r iz o n ta l p la n e . Using t h i s  co u n te r arrangem ent th e
c o r r e la t io n  was measured in  4 geom etries s im u ltan eo u sly  which we s h a l l  
d e s ig n a te  by H I, H2, VI and V2. In  geom etries HI and H2 th e  f i r s t  and 
second members r e s p e c t iv e ly  o f  th e  T -ray  cascade being s tu d ie d  were 
d e te c te d  by th e  f ix e d  5« x  4« c r y s ta l  in  th e  h o r iz o n ta l  p lan e  and
o> o•o ©
Figure 5,15 Schematic diagram of the experimental set-up for 
triple correlation measurements in the geometries Hi, H2, VI and 
V2. The 3n x 3n counter rotates about the target in the horizon­
tal plane, making angles of from 0° to 90° with respect to the
beam direction
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co in c id en ces  observed in  th e  movable co n n te r .V l and V2 r e f e r  to  th e  same
s i tu a t io n  ap p lied  to  th e  5" x  4" co u n te r v e r t i c a l l y  above th e  t a r g e t .  In
each geom etry d a ta  were tak en  a t  f iv e  d i f f e r e n t  p o s it io n s  o f  th e  ro ta t in g
c o u n te r , making ang les o f 0 ° , 30°, 45°, 60° and 90° to  th e  in c id e n t
p ro to n  beam. The d is ta n c e s  o f th e  co u n te rs  from the  ta r g e t  and th e
c e n tr in g  o f th e  t a r g e t  w ith  re s p e c t to  th e  ro ta ta b le  ta b le  on which th e
3” x 3" co u n ter was p laced  were checked by m easuring to  w ith in  1 mm. A
13 13
f u r th e r  check u sin g  th e  is o t r o p ic  3.09 MeV T ra y  from th e  C (p ,p fY) C 
re a c tio n  was perform ed and no asynm etries were d e te c te d . For th e  2.736 
— 0 . 9 7 6 — 0 cascade i t  was n ecessa ry  to  perform  measurements in  
d i f f e r e n t  geom etries to  th o se  d esc rib ed  above in  o rd e r  to  o b ta in  a unique 
s o lu tio n  f o r  th e  sp in s  and m ixing r a t i o s  in v o lv ed . This s h a l l  be d is c u s s ­
ed f u l l y  in  s e c tio n  5 .4 d .
A block diagram o f th e  e le c tro n ic s  used in  th e  t r i p l e  c o r r e la t io n  
measurements i s  shown in  f i g .  5 .1 6 . P u lses  from th e  p h o to m u ltip lie r  
tubes were am p lified  and passed  through s in g le  channel a n a ly se rs  and 
" fa s t- s lo w "  co incidences were measured using  two Cosmic M u ltip le  
C oincidence U n its  w ith  re so lv in g  tim es o f about 90 n sec . Random c o in c id ­
ences were measured s im u ltan eo u sly  in  as many cases  as p o s s ib le  ( l im ite d  
by th e  number o f co incidence  u n i t s  a v a ila b le )  by in tro d u c in g  a 400 nsec 
d e lay  in to  one o f  th e  in p u t p u ls e s .  About every  12 runs th e  " r e a l  + 
randoms" and "randoms" were re v e rsed  so th a t  a check could  be made on th e  
r e l a t iv e  w id ths o f  th e  g a te  s e tt in g s*  Three s e ts  o f 100 channel c o in c id ­
ence s p e c tra  f o r  each o f th e  two p a i r s  o f  co u n te rs  between which 
co in cidences were measured ( i . e .  th e  H and V s e r ie s )  were accum ulated in  
RIDL 400 channel a n a ly s e rs . The a d d it io n a l  100 channels in  each RIDL
Monitor
Proompl.
Proompl.
A.N.U.
Scaler
S.C.A.
F.S.Coinc.
F. S. Coinc.
S.C.A.
S.C.A.
F. S. Coinc.
S.CA.
F.S.Coinc.
S.C.A.
F.S.Coinc.
S.C.A.
F. S. Coinc.Horizontal
Movable
5"x 4" 
V ertical
4 0 0  channel 
analyser
R . I . D . L .
R. I .D.L 
400 channel 
analyser
R . C . L .  
512 channel 
analyser
F ig u re  5.16 S im p lif ie d  b lock  diagram o f th e  e le c tro n ic s  used 
in  th e  t r i p l e  c o r r e la t io n  s tu d ie s .  The fo llow ing  a b b re v ia tio n s  
have been used : Pream pl. = p re a m p lif ie r ;  Ampl. = a m p lif ie r ;
S.C.A. = s in g le  channel a n a ly s e r ;  F .S . Coinc. = fa s t-s lo w  
co in c id en ce ; Co. = co incidence  o u tp u t.
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analyser were used to store the direct Y-ray spectra as measured by the 
movable 3" x 3" counter. Monitoring was achieved by measuring the yield 
of the 2.8 MeV Y ray as detected in the fixed horizontal counter, taking 
care to subtract off backgrounds, The counts recorded in a gate set 
over this peak in the 5" x 4” horizontal counter spectrum were used as a 
rough monitor during the experimental runs. In addition to what is shown 
in fig. 5.16, A.N.U. fast scalers were used to record the time taken for 
each run, the live-times of the three analysers and various "real + 
random" and random coincidence counting rates.
The triple correlation experiment was performed with proton
bombarding energies of 4.625 and 4.810 MeV. Approximately 15 runs were
taken at each angle and at each bombarding energy, the runs being
terminated upon the collection of 5 0 0 of beam charge at the target.
Target currents were typically within the range of from 0.5 to 1 yu.A. The
current collected at a collimator with a 3 r m  diameter aperture^placed
-9about 10 cm in front of the target^was usually less than 5 x 10 amps.
The approximate number of coincidences measured during each run can be 
seen by reference to figs. 5.17 and 5.18.
At E ■ 4.625 MeV the 3.399 MeV level is not populated (ref. fig.P
5.4) so that Y rays from the 3.399— >1.611— > 0  cascade do not contribute 
to the coincidence spectra obtained by setting a gate on the 1.76 MeV peak 
in either of the 5" x 4" counters. The only coincident Y rays with 
energies greater than 850 keV which are observed when a gate is set on 
the 0.98 MeV peak are the 0.976, 0.986 and 1.760 MeV Y rays. However, 
there may be contributions to the coincidence spectra arising from higher 
energy radiation in the gate which is set. A typical set of spectra at
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E = 4.625 MeV is shown in figs. 5.17a, b and c.P
At E * 4.810 MeV the 2.736---*0.976--->0 and 3.399--->1.611P
--- >0 cascades were studied by setting gates on the 0.98, 1.611 and
(1.760, 1.788) MeV peaks in both the 5n x 4M counters. A typical set of
coincidence spectra taken at this bombarding energy is shown in figs.
5.18a, b and c. The E = 4.810 MeV results, in addition to providingP
information on the 3.399 MeV level cascades, should enable a check to be
made on the E = 4.625 MeV results for the 2.736-- ►0.976--->0 cascade.P
As has been stated above, direct spectra were taken in the 3M x 3n 
crystal at all angles as these may yield valuable information particular­
ly if we need to distinguish between multiple solutions which may result 
from the analysis of the triple correlation data. If the statistical 
tensors describing the initial state and the spins of the initial and 
final states are known, then the angular distribution of an unmixed Y-ray 
transition between the two levels can be predicted uniquely. As a result 
we have a built-in check on the statistical tensors obtained from the 
triple correlation measurements. Also it will be possible to attach 
values to the multipole mixing ratios of other transitions from this init­
ial state, provided that the direct angular distributions can be extracted. 
The 2.736--->»0 and 2.736-- >1.962 decays are possibilities but unfortun­
ately the angular distributions of both Y rays are extremely difficult to 
extract from the direct spectra (ref. fig. 5.17a). The 2.736 MeV Y ray 
is of lower intensity at this bombarding energy than the neighbouring 
2.803 MeV Y ray and the 0.774 MeV Y ray is adjacent to the strong 0.841 
MeV transition from the 2.803 MeV level.
The method used to extract the Y-ray intensities was similar to
Direct Spectrum.
2 219
Gote set on 1*76 MeV peok in 
direct spectrum.0 9 7 6
</> 6 0 0
O  4 0 0
• Reals ♦ Randoms 
+ Randoms
Gate set on 0 -9 8  MeV peak in 
direct spectrum.(0*976)
\0-986j
1*760
♦+ + + + I
CHANNEL
25 25
F igure  5.17 T ypical s e t  o f T -ra y  sp e c tra  from th e  Mg(p>PTY) Mg 
re a c tio n  a t  Ep = 4*625 MeV* The shaded a re a s  in  the  upper f ig u re  
in d ic a te  th e  approxim ate g a te  p o s i t io n s  used to  o b ta in  th e  c o in c id ­
ence sp e c tra  in  th e  low er f ig u r e s .  The unbroken l in e s  a re  n o t l i n e -  
shape f i t s  to  th e  d a ta .
Gate set on 0-98 MeV peak in 
direct spectrum in 5Mx 4 M 
horizontal counter.
1-760
'^ R an d o m s
Gate set on (1-760,1-788) MeV 
peak.0-976
O 200
(1788)
V V+V \
Randoms ^
1788
Randoms
CHANNEL
Figure 5.18 Typical set of T-ray coincidence spectra 
from the ^^Mg(p,pfY)^Mg reaction at = 4.810 MeV, as 
measured in the 3n x 3n Nal(Tl) detector.
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that described in section 5*2 for the extraction of intensities from the 
proton-gamma coincidence spectra* The spectra were all converted to 
standard conditions (i.e. standard gain and zero), corrected for dead­
time effects in the analysers, normalized to the monitor counts and the 
backgrounds subtracted* The resultant spectra were fitted with standard 
lineshapes to yield intensities which were then corrected for the effect 
of Y-ray absorption in the target backing*
The early stages of analysis of this experiment (including all 
the stages up to the lineshape fitting) were carried out using the IBM 
1620 computer which was installed at the Australian National University. 
The latter stages of analysis, including all the fitting by methods A and 
B, were carried out using an IBM 360 machine.
5*4d Results? 2*736-->*0*976— >• 0 cascade
5*4d (i) ^  « 4*625 MeV
The measured angular correlation for the 4 geometries HI, H2, VI 
and V2 together with one of the best theoretical fits is shown in fig* 
5.19. The relative normalization of the various geometries was obtained
r —
using the symmetry properties of the X ( 0 , 0 , 0 )  function (Fe65).
12  ^ 2As the relative normalizations cannot be specified exactly (because
of the uncertainties associated with the data points used) they were 
varied slightly in order to improve the fits to the data. The error bars 
shown in fig. 5.19 were calculated by making the minimum in %  close to 
unity.
As the 2.736-- >0.976 transition is relatively strong and as the
angular distributions of Y rays from the 2.736 MeV level are not isotropic,
7 5 3the spin of this level will be either ~, “ or ~  • The fits to thez z z
it 
sh
ow
n 
fo
r:
A1ISN31NI 3AI1V"13H
Figure 5.19 Angular correlation data for the 2,736— *0.976— *0
MeV Y-ray cascade as measured with = 4.625 MeV in the geometries 
HI, H2, VI and V2. The solid curve gives the best fit for a = ^ .
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exp e r  im ental c o r r e la t io n  u sin g  both  methods A and B w i l l  be co n sid e red  
s e p a ra te ly  f o r  each p o s s ib le  v a lu e  o f th e  i n i t i a l  sp in .
(a ) a -  7/2
In  t h i s  case th e  f i r s t  t r a n s i t io n  in  th e  cascade i s  unmixed and so 
th e re  a re  4 p o p u la tio n  param eters  (o r  s t a t i s t i c a l  te n so rs )  and 1 mixing
A / 2r a t i o  to  be t r e a te d  as unknowns. The p lo ts  o f % v e rsu s  th e  m ixing 
r a t i o  o f th e  0.976 MeV Y ray  (o b ta in ed  u sing  methods A and B) a re  shown 
in  f i g s .  5 .20a and b . The g r id  search  was perform ed by v a ry in g  th e  
a rc ta n g e n t o f 6 from -90° to  + 90° in  2 .5° s te p s  and th e  p o p u la tio n  
param eters in  s tep s  o f 0 .1 .  The confidence l im i t s  (Wa59) re p re s e n t  th e  
p r o b a b i l i ty  t h a t  'X w i l l  exceed th e  va lu e  shown on th e  g raph . The 0 .1#  
confidence  l im i t  i s  regarded  as th e  boundary between p robab le  and improb­
ab le  X 2 v a lu e s .
The above a n a ly s is  y ie ld s  two accep tab le  s o lu tio n s  a t
b a  -  7 .6 ; P(o) = 0 .3 6 , 0 .40  , 0 .15  , 0 .09
2
and 2> — -  0 .3 6 ; P (a) -  0 .3 6 , 0 .4 0 , 0 .1 5 , 0 .09
where th e  P ( a ) , s a re  g iven  in  ascending o rd e r  o f a .  However th e  m ixing
r a t io  o f  th e  0.976 MeV Y ra y  has been p re v io u s ly  measured to  be -0 .3 0
.
-  0 .15  (Mc61) so th e  b ä -  7 .6  so lu tio n  can be d isc a rd e d . This i s
2
reaso n ab le  as i t  i s  u n l ik e ly  t h a t  the  E2/M1 am plitude mixing r a t i o  w i l l  
have a v a lu e  as la rg e  as 7 .6  in  t h i s  p a r t i c u la r  c a se .
(b) a = 5/2
For t h i s  v a lu e  o f th e  sp in  o f th e  2.736 MeV le v e l  th e re  a re  5 
unknowns (3 p o p u la tio n  param eters  and 2 mixing r a t i o s ) .  In  f i g .  5 .2 1 ,
*  The s ig n  convention  fo r  m ixing r a t i o s  employed by th i s  au th o r d i f f e r s
from th a t  used in  t h i s  th e s i s
Figure 5.20 Chi-squared of the fit to the angular correlation
measurements at E = 4.625 MeV for the 2.736— >*0.976— > 0  P
ncascade with a = 1 , plotted as a function of the mixing ratio 
of the second T ray. In this case the 2.736 — v0.976 MeV 
radiation is assumed to be pure quadrupole. For the meaning 
of the 0.1$ confidence limit, see text.
100 -
5 0 ->
20 
10 
5
2-736
i I r
METHOD A
0976 >
c
>, 8*
i r %
\
\
\  -
\•
\c
\V
/ \ / 01%  Confidence
K/ V Limit
I______ I______ I
METHOD B
• Real 
x Unreal
01%  Confidence
nunininwnniii n / / / / > .  v / / / / / / / / / / / / / / / / / / /  / / /  / / / / / / /  / / / / / / / / / / / /  / / / / / A
r  / v Limit J
METHOD A
2 7 3 6
0 976
0 1 %  Confidence
7777/777777777777774777777777777777777777777
METHOD B
t'S. real unreal
01% Confidence
777777777777777777777777777777777777/
L im i t .
ton 8<
F ig u re  5.21 C hi-squared  o f  th e  f i t  to  th e  an g u la r c o r r e la t io n
measurements a t  Ep = 4.625 MeV f o r  th e  2 .736-----> 0 .9 7 6 ---- ►O
cascade w ith  a = 5 /2 . i s  p lo t te d  as a fu n c tio n  o f a rc ta n  b
f o r  a f ix e d  v a lu e  o f 6 ,
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as in all subsequent figures in which two mixing ratios are varied, X
has been plotted against tan“'1 6 for fixed values of b which lead to2 12
the lowest values of X  • The grid search in method A was performed by-
varying the arctangents of the mixing ratios in 5° steps from -90° to
+90° and the PCaVs in steps of 0.1, Unless otherwise stated, these
steps were used in all subsequent applications of the grid-search method.
As in the case of a = 7/2 we are left with 2 solutions and methods A and
B yield the same result. These solutions are:-
d  -0.36; -0.18; P(a) - 0.69, 0.30, 0.01 and
b ~  -0.36; b ^  +20. ; P(a) = 0.70, 0.30, 0.001 2
The previously measured value of b (Mc61) can be used to discard2
the second solution.
(c) a * 3/2
It can be seen from fig. 5.22 that no solutions exist within the 
0.1# confidence interval for a * 3/2. The best solution with an accept­
able value of b^ lies well outside the 0.1# confidence limit.
In summary, two acceptable solutions exist for the 2*736-- >*0.976
— *0 cascade which could not be distinguished between simply by using 
the T-T angular correlation technique in the 4 geometries described above. 
The direct angular distribution of the 1.760 MeV Y ray is of no use here 
as the theoretically expected distributions are very similar for the two 
solutions. These theoretical angular distributions were calculated by 
substituting the above results in equations 1.22a and b.
5.4d (ii) E « 4.810 MeV---------  p ------------
The analysis of the results at this bombarding energy was carried
out in the same manner as for the E 4.625 MeV results. The
METHOD A
2 7 3 6
0  9 7 6
777777777777777777777777777777777777777777777
0 1 %  Confidence Limit.
^ o ^ 0 0 ^ o . a o
METHOD B
(Alt solutions shown 
here ore r e a l )
77777 /777777777777777777777777777777777T77777
0  1% Confidence Limit
F ig u re  5 .22  C hi-squared o f th e  f i t  to  th e  an g u la r c o r r e la t io n
measurements a t  E = 4.625 MeV f o r  th e  2 .7 3 6 ---- =► 0 .976----- *-0
cascade w ith  a = 3 /2 . X “ is  p lo t te d  as a fu n c tio n  o f a rc ta n  &
fo r  a f ix e d  va lue  o f 6^.
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experimental points, their associated errors bars and one of the best
fits are shown in fig* 5.23* As the application of methods A and B led
a/2 -Ito almost identical results, only the plots of X  versus tan b^ 
obtained using method A are shown in fig* 5*24* Although the errors 
associated with the experimental points are too large to enable these 
results to be used in distinguishing between the above two solutions, it 
is interesting to observe the shape of the curves under these condit­
ions.
5.4d (iii) ”30° w Geometry Results
In order to distinguish between the two solutions, the values of
the mixing ratios and population parameters from section 5.4d (i) were
used to calculate the theoretical angular correlations for many angle
combinations (in about 200 geometries, not all independent.)
The geometry in which two counters both rotate in the horizontal
plane with a fixed angle of 30° between them was chosen as it gave one of
the largest differences between the theoretical shapes for the two
solutions. In addition, this geometry was quite easily set up. Two
3W x 3n Nal(Tl) counters were used at a distance of 17 cm from the
target and later moved back to a distance of 20 cm so that some shielding
could be placed between them. The yield of the 2.8 MeV Y ray, as
measured in a fixed 5M x 4M Nal(Tl) crystal placed about 20 cm vertically
above the target, served as a monitor. With one 3W x 3n counter at 0°
and the other at 30°, the counter at 0° was designated I and the other II.
The correlation was measured at positions in which counter I made angles 
o o o o o  oof -15 , 0 , 30 , 45 , 60 and 90 to the incident beam direction. The 
beam energy was set at 4.625 MeV so that the P(a)fs would be equal to
oA1ISN3JLNI 3AI1V13U
Figure 5,23 Angular correlation data for the 2,736— ► 0.976 —*0
cascade, measured with JE = 4,810 MeV in the geometries HI, H2, VIP
and V2. Ihe solid curve gives the best fit for a = 5/2,
2 7 3  6 -> 0  976->»0 C oscode .
E »4-810 MeV
0 1 %  Limit
>/ /  7 777  I I  / 7
tarr'8 ,« -5*
a s -s-
fair's, 
■ -  2 0 *
0 1% Limit
/ 1 17777TT77T7T7T7
t an 182
F igure  5.24 C hi-squared of th e  f i t  to  th e  an g u la r c o r r e la t io n
measurements a t  Ep * 4.810 MeV fo r  the  2 .7 3 6 -----► 0.976----► O
cascade w ith  a = 7 /2 , 5/2 and 3 /2 , p lo t te d  as a fu n c tio n  of 
a rc ta n  The v a lu es  o f % 2 shown were o b ta ined  u sing  method
A.
Figure 5.25 Theoretical shapes and experimental results for the
angular correlation of the 2.736--- *»0.976-- vO  cascade in the
tf30°M geometry at = 4.625 MeV. The results from acceptable
solutions in the geometries HI, H2, VI and V2 (refer to text) have
been used to calculate the theoretical shapes. The a = 3/2 case with 
o oarctan = -15 and arctan b = -50 has been included for the purp- 1 2
ose of comparison. The number of measurements contributing to each 
experimental point is given in brackets.
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th o se  measured in  s e c tio n  5.4d ( i ) .
The th e o r e t ic a l  shapes and th e  experim en tal r e s u l t s  a re  shown in  
f ig s*  5 .25a and 5.25b r e s p e c t iv e ly .  These r e s u l t s  f i x  th e  sp in  o f th e  
2.736 MeV le v e l  a t  7 /2 , th e  v a lu e  expected from r o ta t io n a l  model argu­
m ents. The th e o r e t ic a l  shapes shown in  f i g .  5 .25a e x h ib ite d  on ly  f a i r l y  
sm all v a r ia t io n s  when th e  m ixing r a t io s  and p o p u la tio n  param eters were
v a r ie d  s l i g h t ly  from th e  v a lu e s  g iven  in  s e c tio n  5.4d ( i ) ,
2 1
C lose o b serv a tio n  o f th e  v e rsu s  ta n  & cu rv es , f o r  th e
2
E = 4.625 MeV c o r r e la t io n  in  th e  geom etries H I, H2, VI and V2, in  th e  
P -]
v i c i n i t y  o f tan  t = -20° shows th a t ,  w ith  95% p r o b a b i l i ty
L i
6 = -  0 .36  -  0 .12
2
Also P (a) = 0 .36  -  0 .0 6 , 0 .40  ± 0 .0 9 , 0 .15  ± 0 .09  and 0 .09 ± 0 .05  in
ascending o rd e r  o f a .  The e r ro r s  on th e  p o p u la tio n  param eters were 
ob ta in ed  from th e  l i n e a r  le a s t- s q u a re s  a n a ly s is  o f  method B u sin g  th e  
procedure o u tlin e d  in  C hapter 4, S ec tion  2 o f Ferguson’ s book (Fe65).
5 .4e R esu lts*  3 .3 9 9---- ^»1.611---- >» 0 Cascade
The 3 .3 9 9 ---- >*1.611---- >*0 cascade was s tu d ie d  a t  E = 4.810 MeV
P
by s e t t in g  g a te s  on th e  1.611 and 1.788 MeV V rays in  th e  h o r iz o n ta l  and
v e r t i c a l  N al(T l) co u n ters  shown in  f i g .  5.15 ( i . e .  i t  was s tu d ied  in  th e
HI, H2, VI and V2 g e o m e tr ie s ) . The 1.611 and 3.399 MeV le v e ls  a re  thought
to  be th e  second and th i r d  members o f th e  K = 5/2 + r o ta t io n a l  band w ith
sp in s  o f 7 /2  and 9 /2  r e s p e c t iv e ly  (En62) b u t th i s  i s  u n c e r ta in .
In  th e  fo llow ing  work, 5 sp in  sequences have been t r i e d  and th e  
2 -1graphs o f ^  ve rsu s  ta n  6 f o r  both  methods A and B p rep a red . The
Ld
m u ltip o le  mixing r a t io  o f th e  1*611 MeV T ra y  has been p re v io u s ly  measured 
to  be + 0.19 -  0 .02  (R a61). The measured c o r r e la t io n ,  th e  e r ro r s
oA JLISN3JLNI 3 A l l \ H 3 a
F ig u re  5,26 A ngular c o r r e la t io n  d a ta  f o r  th e  3,399—*1.611—*0 
cascade , measured a t  L  = 4.810 MeV in  th e  geom etries HI, H2, VI 
and V2. The s o l id  curve g iv es  th e  b e s t  f i t  f o r  th e  9 /2 —* 7 /2 —* 
5 /2  sp in  sequence u sin g  method A.
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calculated to make the minimum — 1 and the best fit are shown in 
fig, 5,26,
Ihe various spin sequences which have been tried are now treated 
separately.
/  ^ 9 7 5
(a) 2 ^ 2 ^ 2
2 -1Ihe graphs of OC versus tan 5^ for fixed are shown in fig,
5*27, Ihe grid search of method A was conducted by varying the two 
-1 otan M s  in 5 steps and the 5 population parameters in steps of 0.2,
Even with such relatively coarse steps, appreciable computing time was
involved in the application of this method. As the spin a is greater
than the sum of the maximum values of the multipolarities of the first
and second Y rays in the cascade, the limitation K^6 was used (No64) in
the application of method B so that fitting was performed over only 4
statistical tensors (p , p , p and p ),00 K20 40 oO
An interesting feature in this case is that method B, unlike
method A, does not find a real solution in the vicinity of tan ^ b^  =
7,5°, tan"^ 5 = 10°. Ihe reason for this is readily seen to be that in
’ 2
this region method B find physically unreal solutions with low values of
2 a/2which "cloud” real solutions with slightly higher values of A  ,
The previously measured value of b * 0,19 - 0.02 (Ra6l) can be 
used to discard the solution with tan-  ^b^—  65°, Figure 5,28 shows the 
result of a fine grid search over the region near tan“^ b = 10° in which 
tan~^ b and tan 1 6 have been varied in 2° steps and the P(a)Ts in stepsj. 2
of 0.1. The search shown here was performed using 4 of the 5 P(a)fs
needed to describe the level as a search over 5 P(a)fs was found to lead
METHOD A
3 3 9 9 .
-1611
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1 I r
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ta n  S 2
F igu re  5.27 
measurements 
using  a sp in  
o f a rc ta n  62
C hi-squared  o f th e  f i t  to  th e  an g u la r c o r r e la t io n  
a t  E = 4.810 MeV f o r  th e  3 .3 9 9 —v l.6 1 1 —>0 cascade 
sequence 9 /2 —>7/2 — > 5 /2 . ^ i s  p lo t te d  as a fu n c tio n
f o r  a f ix e d  v a lu e  o f  6 .
METHOD A 3-399-»I 611-*-0
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F igu re  5.28 R esu lts  o f a f in e  g r id  search  over th e  reg io n  n ear 
a rc ta n  = 8°, a rc ta n  b^ = 12° using  method A fo r  th e  3 .399—► l.ö ll 
—»0 cascade w ith  th e  sp in  sequence 9/2*—» 7 /2  —> 5/2 . The numbers 
shown in  b rack e ts  a re  th e  p o p u la tio n  param eters a p p lic a b le  to  a 
p a r t i c u la r  s o lu t io n .
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to  o n ly  s l ig h t  v a r ia t io n  in  th e  f i t s  o b ta in ed . Nordhagen (No64) has 
p o in ted  ou t th a t  a so lu tio n  to  th e  p o p u la tio n  param eters cannot be 
o b ta in ed  in  cases such as th i s  ( i . e .  when a >  (LJ + L*)) because o f th e  
f a c t  th a t  two o r more m agnetic su b s ta te s  decay w ith  s u f f i c i e n t ly  id e n t ic ­
a l  c o r r e la t io n s  to  ren d e r a f i t  to  any one o f them m ean ing less . This
i s  i l l u s t r a t e d  in  f i g .  5.28 in  which th e  P ( a ) Ts corresponding  to  some o f
2
th e  low v a lu es  o f 'X are  shown. In  cases in  which a ^  (L.J + L*) the  
p o p u la tio n  param eters show on ly  v e ry  s l ig h t  v a r ia t io n  w ith in  th e  0.1% 
confidence  l i m i t .
9 7 5So in  th e  case  o f a - — —> — t r a n s i t i o n  an a ccep tab le  so lu tio n
2 2 2
e x is t s  w ith  th e  fo llow ing  v a lu es  o f b and b :
1 2
6 = 0 .13  -  0 .03
1
and b = 0 .23  -  0 .04  w ith  95% p r o b a b i l i ty .
*2*
^ 2  -1
The p lo ts  of a  v e rsu s  ta n  b f o r  th i s  sp in  sequence using
2
method B a re  shown in  f i g .  5 .29a f o r  v a lu es  o f tan  ^ 6^ o f -5 °  and + 30°.
The b e s t  r e a l  so lu tio n  using  t h i s  method i s  found w ith  ta n  ^ b =: -4 0 ° .
2
a v a lu e  unaccep tab le  in  th e  l i g h t  o f th e  p re v io u s ly  measured v a lu e  o f b .
A f in e  g r id  sea rch  over th e  re g io n  around ta n  ^ 6 — 5° re v ea led  a r e a l
2
s o lu t io n  j u s t  o u ts id e  th e  0.1% confidence  l i m i t .  This i s  an o th er in s ta n c e  
2
in  which low X  v a lu es  f o r  u n re a l s o lu tio n s  have masked r e a l  s o lu tio n s
£
w ith  s l i g h t ly  h ig h e r v a lu es  o f  a  .
METHOD B
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F igure  5,29 C hi-squared  o f th e  f i t  to  th e  an g u la r c o r re la t io n  
measurements a t  Ep = 4,810 MeV f o r  th e  3 ,399— > 1 .6 1 1 — ►O cascade 
using  th e  sp in  sequences: (a )  5 /2 —>7/2-—>5/2 and (b) 9 / 2 —> 5 /2 —> 
5 /2 , 7 /2  —> 5/2  —► 5/2  and 7 /2  7/2 “ » 5 /2 . Method B was used to
o b ta in  a l l  th e  s o lu tio n s  shown in  th e  two d iagram s.
(c) Z_*Z_>2, 1 ^ 5  5 and 9 5 5
2 2 2 2 2 2  2 2 2
The results of using method B with these three spin sequences are
shown in fig, 5,29b in which the lowest values of 'X are shown for each
case. None of these spin sequences produce any real or unreal solutions
within the 0.1$ confidence limit.
9 7 5It can be concluded that the ^ ^2  sp^n se(luence is correct
for the 3.399— >1.611— >0 cascade and that the multipole mixing ratios
for the 1.788 and 1.611 MeV transitions are, with 95$ probability,
0.13 - 0.03 and 0.23 - 0.04 respectively.
The investigation of this cascade has also shown that method B
needs to be treated carefully when unreal solutions with low values of 
2
X  exist. In such cases method B needs to be supplemented with an 
alternative method of analysis.
5.5 Sumnary of Results
The Y-ray branching ratios of the 1.611, 1.962, 2.565, 2.736, 2.803 
and 3.399 MeV levels in ^^Mg have been measured and are summarized in fig. 
5.11. The approximate errors to be attached to the values given in this 
figure have been stated in section 5.2c of the present chapter.
The decays of the 1.962 MeV level have been closely studied and the
multipole mixing ratios determined for the 1.962-- >0 and 1.962— >>0.976
MeV transitions. The values of these mixing ratios are given in table 
5.3.
Triple Y-Y correlation studies of the 2.736--->0.976---> 0  and
- 96-
253.399--- >1.611--->0 cascades in " Mg have resulted in the determination
Table 5 .3
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Summary o f th e  measured v a lu e s  o f th e  E2/M1 am plitude mixing r a t io s  in
25Mg and 25A1
^^Mg R esu lts
25
Al R esu lts
T ra n s itio n
(MeV)
E
T
(MeV)
P rese n t
Experim ent
Previous
Measurements
Absolute v a lu e  o f 6 
fo r  th e  corresponding  
t r a n s i t io n  in  25A l.
0 . 976— 0 0.976 -0 .3 6  -  0 .12 -0 .3 0  ± 0.15 
(Me 61)
0 to  0 .25  o r  2 .2  to  
7.1 (U 5 6 )
0 .9 7 6 — > 0 .5 8 4 0.392 -0 .1 5  ± 0.05 
(Me 61)
1 .6 1 1 — * 0  
1 .9 6 2 — *0
1.611
1.962
0 .23  ± 0 .04
+ 0 .11  
0 .56  -  0 .05
0 .19  ± 0 .02  
(Ra61)
0 .1 4  to  0 .25 (Li56)
0.05  to  1 .0  (Li56)
0 .32  (Va58)
1.962 — >0.976 0.986 A OC 0 .08°*25 -  0 .06 0 .1 4  to  0.26 (Li56)
3.399 — >1.611 1.788 0 .13  -  0 .03 0 .1  to  0 .17  (Li56)
7 7o f th e  sp in s  o f th e  1 .611 , 2.736 and 3.399 MeV le v e ls  to  be -  , -  and
M  L i
2. r e s p e c t iv e ly .  The p a r i t y  o f th e  1.611 MeV le v e l  has been p re v io u s ly  
2
determ ined to  be p o s i t iv e  (En62). C o n sid era tio n  o f  th e  branching r a t io s
and mixing r a t io s  o f th e  decays o f  th e  2.736 MeV and 3.399 MeV le v e ls
le a d s  to  th e  conclusion  th a t  bo th  th e se  le v e ls  have p o s i t iv e  p a r i ty .  The
v a lu es  o f th e  E2/M1 am plitude mixing r a t i o s  which have been ob ta in ed  in
th e  t r i p l e  c o r r e la t io n  work a re  shown in  ta b le  5 .3  to g e th e r  w ith  previous-
25 25
ly  measured v a lu es  both  in  Mg and A l.
25 255 .6  Comparison o f Mg and Al
By re fe re n c e  to  f i g .  5.11 i t  can be seen th a t  th e  p ro p e r t ie s  o f th e
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energy le v e ls  w ith  an e x c i ta t io n  energy le s s  than  3 ,5  MeV in  th e  m irro r
n u c le i  Mg and A1 show a marked degree o f s im i la r i ty ,  a fe a tu re  which
has been d iscu ssed  p re v io u s ly  by a number o f au th o rs  ( e .g .  L i56 , Qo57,
25L i5 8 ). The branching  r a t io s  o f th e  corresponding  t r a n s i t io n s  in  A l,a s
measured by a number o f w orkers (p r in c ip a l ly  L i56, Go58, Va58 and L i59),
a re  shown in  b ra c k e ts  below th e  ^^Mg re s u lts *  The ab so lu te  v a lu es  o f
th e  E2/M1 am plitude m ixing r a t i o s  in  ^A 1 which correspond to  m easure- 
25raents on “ Mg a re  shown in  th e  rig h t-h an d  column o f  ta b le  5 ,3 . I t  can be
25
seen th a t  th e  v a lu es  f o r  A l, a lthough  su b je c t to  la rg e  experim ental
25e r r o r s ,  a re  in  agreem ent w ith  th e  corresponding  Mg r e s u l t s .
A s t r ik in g  fe a tu re  o f th e  T -ray  t r a n s i t io n s  in  th e se  m irro r  n u c le i
i s  th a t  f o r  a l l  le v e ls  (ex cep t f o r  th e  le v e ls  numbered (3) and (8) in  f i g .
5 .11) th e  d i r e c t  ground s t a t e  t r a n s i t io n  i s  r e l a t i v e ly  weak compared to
t r a n s i t io n s  o f  th e  same m u l t ip o la r i ty  to  h ig h e r  s t a t e s ,  d e sp ite  th e  f a c t
t h a t  such ground s t a t e  t r a n s i t io n s  a re  favoured  on energy grounds. In
th e  decays o f le v e ls  (4) and ( 6 ) ,  pure  E2 t r a n s i t io n s  compete s u c c e s s fu lly
w ith  M1/E2 t r a n s i t io n s  o f h ig h e r  energy . T ra n s itio n s  to  th e  1.61 MeV
le v e ls  in  both n u c le i  a re  n o t seen except from th e  le v e ls  numbered (8) in
f i g .  5 .1 1 . These p r o p e r t ie s ,  as w e ll as th e  r e l a t i v e ly  la rg e  E2 f r a c t io n s
in  th e  t r a n s i t io n s ,  suggest th e  presence  o f c o l le c t iv e  e f f e c t s  in  th ese
n u c le i ,  a fe a tu re  which was f i r s t  recognized  over 10 years  ago (L i56) and
which w i l l  be co n sid ered  in  s e c tio n  5 .7  o f th i s  th e s i s .
I t  i s  o f i n t e r e s t  to  compare more c lo s e ly  th e  p re se n t s e t  o f
25branching  r a t i o  measurements w ith  th e  Al branching r a t io s  and a t  the
same tim e to  p re s e n t some ex p erim en ta l in fo rm atio n  p e r ta in in g  to  the  
p re d ic t io n s  o f Morpurgo (Mo59). Morpurgo s t a t e s  t h a t  charge independence
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and charge symmetry g ive  r i s e  to  th e  fo llow ing  r e la t io n s  connecting  th e  
s tre n g th s  o f Y -ray t r a n s i t io n s  between corresponding  s ta t e s  in  con jugate  
n u c le i  (n u c le i w ith  o p p o site  s ig n s  o f T = (N -Z )/2 , in  p a r t i c u la r  m ir ro r  
n u c le i)
( i )  th e  s tre n g th s  o f corresponding  t r a n s i t io n s  w ith  &T = 1 a re  
th e  same fo r  a l l  m u l t ip o la r i t ie s
( i i )  f o r  t r a n s i t io n s  w ith  A  T = 0 :
(a )  th e  s tre n g th s  o f co rresponding  E l t r a n s i t io n s  a re  always equal 
and (b ) th e  s tre n g th s  o f corresponding  Ml t r a n s i t io n s  should n o t d i f f e r  
in  g en e ra l by more than  a f a c to r  o f 1 .5 .
A T i s  th e  d if fe re n c e  in  is o to p ic  sp in  between th e  le v e ls  a and b
between which the  t r a n s i t io n  ta k es  p lace  ( i . e .  AT = T -  T ) .  The
a b
Coulomb in te r a c t io n  can le a d  to  v io la t io n s  o f  th e  above ru le s  (Mo 59, 
Ma60). For a more g en era l d is c u ss io n  o f is o to p ic  sp in  s e le c t io n  ru le s  
r e f e r  to  th e  a r t i c l e s  by MacDonald (Ma60) and W arburton (Wa65).
As th e  in d iv id u a l t r a n s i t io n  p r o b a b i l i t i e s  a re  n o t ex p erim en ta lly  
known, we may compare in  each nucleus th e  r a t i o s  o f th e  i n t e n s i t i e s  of 
co m p etitiv e  decay modes o f  co rresponding  t r a n s i t i o n s .  The n o ta tio n  o f 
Morpurgo i s  used fo r  th e se  r a t i o s :
where N^, N2 and a re  sim ply  numbers used to  id e n t i f y  th e  e x c ited
re s p e c t iv e ly .  In  N th e  le f t-h a n d  index  r e f e r s  to  th e  de­
e x c it in g  s t a t e  and the  r ig h t-h a n d  in d ic e s  r e f e r ,  in  th e  o rd e r  s p e c if ie d ,
(5 .1 0 )
s t a t e s  o f th e  n u c le i as shown in  f i g .  5 .1 1 .
th e  p a r t i a l  decay w idths f o r  th e  N N2 and N t r a n s i t io n s
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to the states which are formed. Morpurgo introduces the symbol N w 2 1
to indicate the ratio of the two widths in eq. 5,10, each being divided 
by the appropriate power of the energy difference to make these quantities
proportional to the square of the matrix elements for the transition (ref.
Pr62 Chapter 11):
N3
ncN N 2 1 2LH-1 (5.11)
where , EN and refer to the energies of the N^, and levels 
respectively.^ The quantities L and L» are the multipolarities of the T
rays involved in the transitions N -- >• N and N -3 2 3
All the transitions in 25Mg and 25A1 involving levels of up to
respectively.
4 MeV excitation involve no charge in isotopic spin (Mo59) and as a result 
rules (ii)a and (ii)b should apply. Using the numbering system shown in
fig. 5.11 the values of the t[?s> Tj’s and their ratios for the two
nuclei were calculated and the results are shown in table 5.4. The values
up to level (8) were computed by disregarding the E2 fraction in the
transition. The reasons for this were the shortage of accurate measure- 
25ments on the Al mixing ratios and the complete lack of information on
the E2/M1 ratios for the decays of levels numbered (5), (6) and (7) in
2^Mg. If the E2/M1 mixing ratios are approximately equal for correspond-
25 25ing transitions in Mg and Al (table 5.3 suggests that this is probably
Ca reasonable assumption) then the ratios of the *V| and values will
be affected only slightly by ignoring the E2 fraction. It should be noted
that the E2 fraction contributes less than 13$ of the radiation intensity 
25in all the Mg measurements shown in table 5.3 except for the 1.962— v O
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Table 5.4
Comparison of the Y-ray branching ratios in 25Mg and 2 Al using the ratios
of and A ^ values for these nuclei. The errors associated with the
ratios in columns 4 and 7 have been calculated from the experimental 
25errors on the Mg branching ratios only, Groshev et al, (Gr59) did notL
disclose the experimental errors on their measurement of the branching 
ratio of level (9) in 2^Mg.
De-excit- 3
VALUESN N 
2 1 . V3
N N  VALUES 
2 1
ation 25 25 Ratio 25 25 Ratio
Al Mg (Al/Mg) Al Mg (Al/Mg)
2 ^  1,0
1.38 0.95 x'45 -  0.04 9.94 14.7 -  0.02
4 ^  2,0 1.50 0.93
n fii + °*12 1<61 -  0.26 13.9 7.34 1 89 + 0*14 i#yy -  0.30
5 A , 2,1 0.136 0.27
. _ +  0.07
°*51 - 0.06
+ 3.3
0.310 0.52 - +  0.08 °-60 -  0.07
+  1.9
6^1 4,0 3.62 1.14 3-2 - 1.5 92.3 50.6 1-8 - o !9
7 A . l,o 1.00 1,74 „ c +  0.23 0,57 -  0.17 1.74 3.51 0 48 +* -  0.15
7 'A 4,1 1.33 0.93 1 A A + °'551,44 -  0.38 21.8 17.0 1 28 +  °-48 ■‘■ •2s - 0.34
9 ^  1,0 6.00 5.54 1.08 9.69 9.74 0.99
9 ^  2,1 0.115 0.181 0.64 0.216 0.283 0.76
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transition in which the E2 part accounts for 31# of the radiation.
The first six ratios of values in table 5.4 all lie within the
range 0.67 to 1.50 which is specified by the Ml rule (rule (ii)b). The
decays of level 9 are El transitions and so should obey rule (ii)a. The
C C
ratio of 9 H i  o Va^ues is verY close to 1 and the ratio of ^ 9 2 , 3
values is within 25# of unity. The transitions (4)— *-(1) and (6)— ^ ( 2)
are pure E2 T rays and are therefore not governed by the above rules.
In addition to the errors associated with the experimental branch- 
25 Cing ratios in Mg, errors in the ratios of values can arise from: (i)
. 25 . , verrors in the A1 branching ratios ; (ii) Coulomb effects which could 
introduce errors of the order of 10# (Mo59) and (iii) the fact that the 
E2 fractions will probably differ for corresponding transitions in 25>fg 
and Al. In view of these possible sources of error, the results 
displayed in table 5.4 show quite reasonable agreement with Morpurgo’s 
predictions.
5.7 Comparison with the Collective Model Predictions 
5,7a General Discussion
In order to explain the large static quadrupole moments which occur 
in a wide range of nuclei Rainwater (Ra50) suggested that «outer” nucleons 
could exert a polarizing effect on the rest of the nucleus (i.e. the 
nuclear «core«) to produce a collective distortion of shape. Various 
collective models based on this general concept were developed during the 
decade 1950 to 1960, principally by Bohr (Bo52), Bohr and Mottelson (Bo53), 
Nilsson (Ni55) and Mottelson and Nilsson (Mo59a). Bohr (Bo52) and Bohr 
and Mottelson (Bo53) treated the core macroscopically as a deformable 
drop of nuclear «liquid« in interaction with the few nucleons in an
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unfilled shell. The core was considered to contain all paired nucleons 
which combine to give zero angular momentum. Using this model it was 
shown that a large axially symmetric deformation of the drop could be 
obtained which leads to a low energy rotational spectrum with a moment of 
inertia dependent on the parameters of the drop. When the static deform­
ation of the core is large compared to the amplitudes of vibrations of 
the potential field we have what is called the "rotational" or "strong 
coupling" model. Nilsson (Ni55) extended the above treatment by calcul­
ating the eigenvalues and eigenfunctions for a nucleon in a static 
spheroidal potential using a Hamiltonian of the form
D l2 (5.12)
Correction to the oscillator 
potential for higher angular 
momentum states
The oscillator potential Hq 
o
can be split into a spherically symmetric term Hq and a term 
representing the coupling of the particle to the axis of deformation, so 
that eq. 5.12 can be written as
H = Ho + Hfc + C l.s + D 12 (5.13)
Nilsson treats the last three terms as a perturbation and, by a suitable 
choice of parameters, expresses the Hamiltonian as
H = Ho + * -h!ju0 R (5.14) 
where R = -i) U - 2 l.s - u l  ; K = C/dr = 2D/C and
is related to the deformation of the nuclear potential. The significance
of the other symbols is explained by Nilsson (Ni55) and Bishop (Bi60a).
25 25Application of a collective model interpretation of the Mg - A1
H - Ho + C l.s +
Anisotropic harmonic Spin-orbit
oscillator potential coupling term
where 1 is the particle angular momentum.
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p a i r  was suggested  by th e  d isco v e ry  o f s tro n g  E2 t r a n s i t io n s  between 
c e r ta in  le v e l s  (L i5 6 ). S ince 1956, c o l le c t iv e  model r e s u l t s  f o r  the  
m ir ro r  p a i r  have been p re sen te d  by a number o f au th o rs  among whom are  
L ith e r la n d  e t  a l .  (L i58 ), Bishop (B i60a), S h e lin e  and H arlan (Sh62), 
B hatt (Bh62) and Chi and Davidson (Ch63). I t  has been shown (L i58 , G06O) 
th a t  th e  experim en tal energy spectrum  f o r  25Mg i s ex trem ely  w e ll re p re s ­
en ted  by th e  exp ression  (Bo55):
B(J ) a ( - l )  2 ( J + l)  3  
.(-l )'*5 0 4 )] 2
(5 .1 5 )
using  th e  param eters shown in  ta b le  5 .5  (Go60). In  eq. 5 .15 th e  r o ta t io n -
2“ .
a l  param eter A i s  equal to  ir  /2 1  where I  i s  th e  e f f e c t iv e  moment o f 
i n e r t i a  o f th e  nucleus undergoing c o l le c t iv e  r o ta t io n s .  The decoupling 
param eter waw (Ni55, Bo60) corresponds to  a p a r t i a l  decoupling  o f  th e  
p a r t i c l e  motion from th e  r o ta to r  and i s  re le v a n t on ly  to  th e  K=»§ bands.
Table 5 .5
25Param eters re q u ire d  to  f i t  th e  experim en tal energy spectrum  in  Mg using
eq u ation  5.15
Band based on K A(keV) B(keV) a N ilsson
O rb it
Ground s ta t e 1  + 279 -1 .9 9 5
2
1 s t  E x c ited  s t a t e 1  + 
2
177 -1 .3 2 -0 .2 3 9
5 th  E x c ited  s ta t e I* 150 -0 .4 7 11
9 th  E x c ited  s ta t e 1 _ 114 -3 .5 1 14
2
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B is the vibration-rotation interaction parameter (G06O). The quantum 
number K is equal to the projection of the total nuclear angular momentum 
J onto the axis of symmetry of the spheroid. K is a constant for each 
band and is a characteristic of the intrinsic configuration associated 
with that band. The reflection synsnetry of the nucleus implies that the 
rotational motion always has even parity and, thus, the parity of all the 
states in a rotational band is the same and is equal to the parity of the 
intrinsic configuration•
Litherland et al. (Li58) found quite good agreement between the 
specific predictions of the Nilsson model (Ni55) and the properties of 
these nuclei at low ( ^  5 MeV) excitation. In the Nilsson model 2 
protons and 2 neutrons are allowed for each orbit, so that considering 
the ^ % g  core to be a prolate spheroid with deformation in the range
3 < ^ < ^ 5  (Li58), the orbit numbers 1, 2, 3, 4, 6 and 7 are filled. These 
orbit numbers are as given in fig. 5 of Nilsson’s paper (Ni55). The next
4 orbits available to the odd nucleon are numbers 5, 9, 11 and 8 with
number 14 being the lowest negative parity orbit. The identification of
25these orbits with rotational bands in Mg is shown in table 5.5. There
is no clear indication of the presence of a band based on orbit 8 and
25 25the order of the bands 5 and 9 in Mg and Al depends sensitively on the
2prolateness of the spheroid. If no ytx 1 is included in the Hamiltonian 
of eq. 5.14, the expected value of ‘fL (3 ^ ^ ^ 5 )  results in an inversion in 
the sequence of the two lowest bands (Li58). However, if yjL-0.17 and 
—  3.2 it is possible to obtain very close agreement with experiment 
(Bi60a).
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L ith e r la n d  e t  a l .  (L i58) found th a t  to  f i t  th e  experim en tal Mg 
25and Al energy s p e c tra  u sing  eq . 5,15 i t  was n ecessa ry  to  use d i f f e r in g
v a lu es  o f th e  r o ta t io n a l  param eter (A) f o r  the  v a rio u s  bands (re f*  ta b le
5*5). This i s  one way to  account f o r  r o ta t io n - p a r t i c l e  coupling  (RPC)
between r o ta t io n a l  bands r a th e r  than  doing a more len g th y  c a lc u la t io n .
2
A lso , th e  f a c t  th a t  A ( = i r / 2 l )  d ec reases  w ith  band-head energy agrees
w ith  th e  in tu i t i v e  n o tio n  th a t  th e  moments o f i n e r t i a  o f such a ro ta t in g
25 25system  w i l l  be l a r g e r  fo r  h ig h e r  e x c i ta t io n .  For Mg and A l, AK = 2 
f o r  th e  two low est bands. This i s  a s i tu a t io n  in  which th e re  i s  no RPC 
m ixing (Ke56) in  th e  model o f Bohr and M ottelson  (Bo53). However, such 
m ixing does occur fo r  an asymmetric co re  r o ta to r  model. Chi and Davidson 
(Ch63) ap p lied  such a model to  n u c le i  in  th e  A — 25 reg io n  and found 
b e t t e r  g en e ra l agreem ent w ith  experim ent than  B hatt (3h62) was ab le  to  
o b ta in  w ith  N ilsson  model c a lc u la t io n s  u sing  a uniform  r o ta t io n a l  param­
e t e r  A f o r  a l l  bands. A lthough p robab ly  more m eaningful, th e  f i t s  o b ta in ­
ed by th e se  au th o rs  were n o t n e a r ly  as good as th a t  o b ta ined  u sin g  eq/fr. 
5.15 as d esc rib ed  above.
Kerman (Ke59) has d e riv ed  th e  fo llow ing  ex p ress io n s  f o r  th e  Y -ray 
t r a n s i t i o n  s tre n g th s  in  deformed n u c le i by using  th e  model o f Bohr and 
M otte lson  (Bo53) in  which th e  p a r t i c l e  i s  t i g h t l y  bound to  th e  r o ta to r  so 
th a t  o ff -d ia g o n a l elem ents o f  th e  ro ta t io n  p a r t i c l e  coupling  (RPC) term  
could  be n e g lec te d .
For a t r a n s i t io n  between neighbouring  s t a t e s  o f sp in s  I  and 1-1 
w ith in  a r o ta t io n a l  band, th e  r a t i o  o f t r a n s i t io n  p r o b a b i l i t i e s  o f th e  
Ml and E2 components i s : -
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b ~ Z = T(M1:I— »I-l)
I — >1-1 T(E2:I— >1-1)
■f (W> (5a6)
where m is the mass of the odd nucleon; is the frequency of the emitted 
radiation (E = -fr to ); is the intrinsic quadrupole moment of the nucle­
us; g and g are the gyromagnetic ratios associated with the singular K R
momentum carried by the odd nucleon and the deformed core respectively;
6 , is the Kronecker delta function and b is a magnetic constant assoc-
v i_ oh,2
iated with K = ^ rotational bands. For a K = -^ rotational band^raeasure-
ments of two mixing ratios (for Y rays from states whose spins differ by
2an odd integer) are required in order to determine both b and (g -g ) .o V
The branching ratio of the transitions from a state I to the states
I-l and 1-2, all within the same rotational band, can be expressed as:-
R = T(E2+M1:I— »1-1)
1 T(E2: I-^>I - 2)
2K2(2I - 1)_______
(1+1) (I-1+K) (I-1-K)
The first term in eq. 5.17 is the branching ratio of the E2 Y rays alone
2and is usually small compared to the second term as & is usually less 
than 1.
For transitions from a state I in band K to a state IT in band K*,
the relative intensity (T) for a multipolarity L is given by
2
T oC (IK, LK* - K I I»Kt) (5.18)
where the notation used for the vector coupling coefficient is the same 
as that employed by Ferguson (Fe65). In addition to this we have the 
nK selection rule” which states that for transitions between rotational
I-l
1-2
(1+5 )I-*I-r (5.17)
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bands, transitions involving multipolarities less than|KT - k |= A K  are 
forbidden with a degree of forbiddenness V~ given by 
NT * A K - L
Ml transitions are therefore forbidden between the K ■ \ and K = - bands2
25in Mg with a degree of forbiddenness equal to 1* How strongly this 
holds will depend on the degree of admixture of K values in the wave 
functions.
The discussion to this point has been associated directlv with the 
existence of the quantum number K, the projection of the total angular 
momentum along the nuclear axis of symmetry. However K is never an 
exact quantum number as the Hamiltonian describing the system will never 
separate exactly into intrinsic and rotational parts. An interaction term 
(the so-called RPC term) exists between the particle motion and the rotat­
ional motion which tends to mix rotational bands built on different 
particle states. If the spacing between particle states is large compared 
to the rotational energies (i.e. if the various bands do not overlap 
appreciably) this mixing should be small. The RPC in the first order
couples together only bands of the same parity and whose Kfs differ by
25 25only one or zero (Ke56). It is probably due to this that Mg and w A1 
show rotational bands so clearly amongst their low-lying states since the 
two principal strongly overlapping bands have A K = 2. Other nearby 
nuclei such as ^\Ta show appreciable band mixing as they have neighbour­
ing rotational bands which differ in K by only one unit.
5,7b Gyromagnetic Ratios
The numerical ratio of the magnetic moment to the angular momentum 
is called the gyromagnetic ratio for the orbital motion of the nucleon or
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system of nucleons being considered. Gove (G06O) has pointed out that
25if, in addition to the experimental information obtained on Mg prior to 
1960, the branching ratio of the 3.399 MeV level was known, then both g
K
and g could be calculated for the ground state rotational band. Even R
though this branching ratio was not determined very accurately it is
interesting to investigate the values of g and g which result. It has
K R
been noted in the previous section that g and g refer to the angular
K R
momentum carried by the odd nucleon and the deformed core respectively.
For a uniformly charged nucleus g is expected to be given by g = Z/A.R R
The theoretical branching ratio of the 3.399— vl.611 (spins
9 
2
9 7 5- — - ) and 3.399— >  0 ( - — v -  ) transitions can be expressed as,
9 7neglecting the E2 part of the ---v — transition (Go60):
2 2
9 7T(M1: 3 ^ 3 )
T(E2: I — f)
0.90 V gR
Q
(5.19)
(Note that the ratio of intensities of the E2 and Ml fractions in the
- transition is only of the order of 0.02.) 2
In addition, the magnetic moment is related to the g-factors 
by eq. 14 of G06O:
*  " ? (gR + f  V  (5-20)
so that knowledge of R, Qq and jj. will permit determination of g^ and 
gR*
The ground state quadrupole moment has been measured by Lurio
-24 2(Lu62) to be Q = 0.22 x 10 cm" which leads to a value of 0.616 barns
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for the intrinsic quadrupole moment Qq (using eq. 1 in G06O). The 
theoretical value of the magnetic moment JJ> calculated using the Nilsson 
model (Ni55) is -1*03 nuclear magnetons (nm) and the experimental value 
is -0,85 nm (Go60).
Using R = 20 together with the experimental values of Q and M  ,
o 7
we obtain g^ « -1.17 and g^ = +1.74 (expressed in nuclear magnetons).
Using R » 10, g = -0.93 and g = 1.12. Theoretically g =0.48 and g 
K R R "K
is either -0.77 (using the theoretical value of JJ~) or -0.67 (using the
experimental value ofyi. ). In order to obtain these theoretical values
of g and g branching ratios of 3.7 and 2.7 would be required, using 
R K
the theoretical and experimental values of respectively. Neither of 
these branching ratios are consistent with the results of the present 
experiment.
2
Estimates of the magnetic quantities (g -g ) and b (Ke59) for
the first K = ^+ band in 2^Mg can be obtained from eq. 5.16 using the 
measured E2/M1 mixing ratios for transitions within the rotational band. 
Using the measured values of 0.15 and 0.25 for the mixing ratios of the
0.976--->-0.584 MeV and 1.962--->-0.976 MeV transitions respectively, we
obtain the following sets of values for the magnetic parameters: b =
3.041 and (g -g ) 
K R 2 = 0.111 or b = 0.329 and (g -g )2 = 1.025. Howev-° K R
er, if the mixing ratios 0.20 and 0.33 are used for the above two
transitions (these values are within the experimental errors) the follow-
2
ing values result: bQ = 6.811 and (g -g ) = 0.016 or b = 0.147 andK R ®
, .2(g -g ) = 0.774. As a result of both the experimental errors attached
K R
to the values of the mixing ratios and the multiple solutions which exist,
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nothing definite can be concluded regarding these magnetic quantities
t 25for the first K = 2 band in Mg.
5.7c Multipole Mixing Ratios
For transitions within a rotational band the E2/M1 amplitude 
mixing ratio (6) is given by eq. 5.16. The decays of each level will now 
be considered in turn, after which the general features will be summariz­
ed. The single particle estimates to the transition strengths have been 
calculated in Weisskopf units using the expressions given by Wilkinson 
(Wi60):
-8 4/,
P(E2) = 4.9 x 10 A
5
EY ev (5.21a)
-2 3and f^(Ml) = 2.1 x 10 E
Y
ev (5.21b)
where E is expressed in MeV. 
Y
(i) Decay of the 0.584 MeV Level
The 0.584-- >0 MeV decay takes place between levels of spin -■
and - and is therefore a pure E2 transition. Using the experimental 
2 -9value of 4.9 x 10 secs for the mean life of this level (Fe60) the 
transition strength can be expressed as 0.6 Weisskopf units.
(ii) Decays of the 0.976 MeV Level
The simple rotational model says that the Ml part of the 0.976— »-0 
transition is forbidden by the K selection rule. Using the partial E2 
mean life of this level (T^ = 1.7 + 0.4 x 10_1° sec (An61)) the E2 
transition strength can be calculated to be approximately 1 Weisskopf 
unit. The effect of the K selection rule can be seen by comparing the 
measured value of 6 =-0.36 - 0.12 with the single particle estimate of
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5 = -  0 .013 .
The mixing r a t i o  o f th e  0 .9 7 6 ---- >-0.584 t r a n s i t io n  has been
m easured to  be b = -0 .15  -  0 .05  (Mc61). Equation 5.16 cannot be ap p lied
d i r e c t ly  to  o b ta in  the  th e o r e t ic a l  v a lu e  o f 6 as (g -g  ) and b a re  no t
K R ®
known f o r  t h i s  K = r o ta t io n a l  band. I f  th e  measured branching r a t io s
a re  s u b s t i tu te d  in  eq. 5.17 in  o rd e r  to  p re d ic t  th e  mixing r a t io s  o f  the
2 .7 3 6 ----->*1.962 and 1 .9 6 2 ----->*0.976 cascades in  th i s  r o ta t io n a l  band and
i f  th e se  v a lu es  o f b a re  used to  determ ine b and (g -g  ) in  eq. 5 .16 ,
0 K ~R
then  a v a lu e  o f b = -  0 .21 i s  p re d ic te d  f o r  th e  0 .9 7 6-----v 0 .584 t r a n s i t ­
io n . This v a lu e  i s  j u s t  o u ts id e  th e  e r ro rs  assigned  to  th e  experim ental 
v a lu e  bu t i t  i s  f a r  more s a t i s f a c to r y  th an  th e  extrem e s in g le  p a r t i c l e  
model e s tim a te  o f  ^  0 .0051. The E2 t r a n s i t io n  s tre n g th  in  th i s  case  i s  
about 20 W eisskopf u n i t s .
( i i i )  Decays o f th e  1 .611 MeV Level
Using th e  v a lu es  gR = -0 .7 7 , gR = 0 .*8  and Qq -  0 .616 b a m s , eq .
5 .16  p re d ic ts  a v a lu e  o f i  0 .22  f o r  th e  mixing r a t i o  o f th e  1 .611----- *• 0
t r a n s i t i o n .  This v a lu e  i s  in  q u i te  good agreement w ith  th e  experim ental 
v a lu es  o f 0.19 -  0 .0 2  (R a6l) and 0 .23  -  0 .0 4  (p re se n t experim en t). Using 
th e  l i f e t im e  measurement o f Rasmussen e t  a l .  (Ra61) th e  E2 t r a n s i t io n  
s tre n g th  in  th i s  case  i s  about 24 W eisskopf u n i t s .
( iv )  Decays o f th e  1 .962 MeV Level
The r o ta t io n a l  model s ta t e s  th a t  th e  Ml p a r t  o f th e  1.962 ---- >>0
t r a n s i t io n  w i l l  be fo rb id d en . The experim en tal va lu e  o f  b = 0 .56  * o!o5* 
when compared to  th e  s in g le  p a r t i c l e  e s tim a te  o f  6 = -  0 .026 , in d ic a te s  
th a t  e i th e r  th e  Ml r a d ia t io n  i s  in h ib i te d  o r th e  E2 r a d ia t io n  i s  enhanced.
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The mixing ratio of the 1.962--- >0.976 MeV transition can be
predicted by substituting the measured branching ratios of the 1.962 MeV
level decays in eq. 5.17 to yield 6 = - 0.30, a value in agreement with
the experimental ratio of 0.25 + 9*??.— u.uo
(v) Decays of the 3.399 MeV Level
The collective model predicts a value of i ■ - 0.19 for the 3.399
--- ► 1.611 MeV transition using eq. 5.16 together with the same values of
g , g and Q as used in the calculations on the 1.611---> 0 transition.K R o
This value is in only fair agreement with the experimental value of 
6 = 0.13 - 0.03.
The three previously unmeasured E2/M1 amplitude mixing ratios for
the 1.962---y0, 1.962--->0.976 and 3.399-- >1.611 MeV transitions are
all in reasonable agreement with the predictions of the strong coupling
rotational model and can therefore be interpreted as further evidence in
25favour of the description of Mg in terms of this model. It is interest­
ing to note that for the first 3 excited states (for which lifetime 
measurements are available) the E2 transition strengths for inter-band 
transitions are of the order of 1 Weisskopf unit whereas transitions 
within rotational bands have E2 strengths of the order of 20 Weisskopf 
units.
5.7d Branching Ratios
Equation 5.17 can be used to calculate the branching ratios for 
transitions within a rotational band. The transition probabilities for 
inter-band transitions are not easily calculated.
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(i) K = — + band^ -----  2 -----
The rotational model predicts the following values for the branch­
ing ratio of the decays of the 3,399 MeV level:
= 1(3.399--> 1,611)
1(3.399 --►O )
= 7.4 * 2*5 usinS the experimental value of 6 for the 3.399— > 
1.611 MeV transition.
= 3.59 using the value of 6 predicted from eq. 5.16.
The term 1(3.399--->*1.611) denotes the intensity of the 3.399---=>1.611
MeV transition. Experimentally R is greater than 9.
(ii) First K = ^ + band
Using the experimental value of the mixing ratio of the 1.962— > 
0.976 MeV transition, the predicted branching ratio for the 1.962 MeV 
level decaying within the rotational band is
1(1.962 -- ►0.584)
which compares with the experimental value of 0.67 -  0.10. However, if 
a value of + 0.30 is used for the mixing ratio of the 0.986 MeV T ray 
(this value is well within the experimental errors) then eq. 5.17 predicts 
that R «= 0.65 so no disagreement with collective model theory exists for 
this branching ratio.
The mixing ratio of the 2.736---Vl.962 MeV transition can be
-j.predicted to be - 0.099 by using the experimental values of 6 for the
0.976--->0.584 and the 1.962-- > 0.976 MeV transitions to calculate the
.2magnetic factors (g -g ) and b for this rotational band. By substitut-K R o
ing this value of the mixing ratio in eq. 5.17, the predicted value of
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the branching ratio of the decay of the 2,736 MeV level within the band 
is found to be
R = 1(2.736 =
1(2.736--- *0.976)
This compares with an experimental value of 0,094 - 0.040. However, if 
the experimentally acceptable values of 0.20 and 0.33 are used for the
mixing ratios of the 0.976-- *>0.584 and 1.962 --- *>0.976 MeV transitions
respectively, then R = 0.107, a value in better agreement with the 
experimental result.
The fact that all three of the branching ratios considered above
are in agreement with the predictions of the strong coupling rotational
25model adds further weight to the interpretation of Mg in terms of this 
model.
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APPENDIX A
Derivation of Inscattering Correction
It was pointed out in section 3.4b that the measured n-p total 
cross section should be corrected for the effect of neutrons which have
been scattered forward by the hydrogen sample to the detector. In this 
appendix an expression is derived which takes into account the detection 
of singly-scattered neutrons.
The experimental geometry and the symbols describing it are shown
in fig. 3.1. The notation employed is that of Miller (Mi63) in which
2n = the number of scattering nuclei/cm , A = the cross sectional area of 
the detector as seen from the source, Q = the number of neutrons leaving 
the source in the direction of the detector per unit time per unit solid 
angle, 0~^(0°) = the differential elastic scattering cross section at 0°,
t
C5*T = the total cross section corrected for inscattering and CT, = the 
total cross section calculated neglecting inscattering.
The number of neutrons scattered in the sample between x and x + dx
which strike the detector is given by:
* -n CTt x Qe T
(£ - i + x) 22 2
Probability that 
neutrons scattered 
at x will penetrate 
the rest of the 
sample
Integrating this expression from x = 0 to x = t and dividing by A
Flux at depth 
x in sample
Number of 
nuclei 
between x 
and x + dx
CTn(0°) times the 
solid angle of the 
detector subtended 
at the sample
nTTD^dx
4
_ —,
q;(o°)A
(- + £ - x)' 2 2
-n crT(t - x) (Al)
gives the flux I at the detector due to all neutrons singly-scattered in
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the sample.
I = I QnTTD2 <r(0°) e"" °T *1 4  n r<i>2 - a +X)2j21 2
2Qnt TT D2 0^(0°) e " ‘' V 1---2 + \ tanb’1 (£) I
1 - (t/L)
The flux with the sample out is simply I0 = O/L so that 
I-L1 -n (Tip t—  = a e 1
where a = 21tnt (£)' <J~n (0°) f"____1____ + £ tanh 1 (£)
L 1 - (t/D2 4 L J
"•ri *tThe transmission (T = e  ^ ) corrected for inscattering is then
(A2)
(A3)
T = T / (1 + a) c
where is the transmission uncorrected for inscattering.
If we assume that a 1, equation A4 can be expressed as
(A4)
<r’ / a  - - V  )nt (Trr (A5)
which leads directly to equation 3.4 in Chapter 3
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Ag56
An 61
Ba61
Bh62
Bi53
Bi60
Bi60a
B161
B164
Bo 52 
Bo53 
Bo 55 
Bo 56 
Bo 60
Bo61
Br59
Br60
Ch61
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